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Abstract 
The  early  Miocene  Whakataki  Formation  of  New  Zealand’s  North   Island  is  a  
thin-bedded turbidite sequence, deposited contemporaneously with a major shift in 
tectonic regime from a passive margin to a convergent plate boundary between the 
Australian and Pacific Plates, approximately 25 Ma. Here, deposition of turbidity 
currents onto an actively accreting margin has established a unique context for deep-
marine sedimentation and therefore required a contextual-based approach in 
identifying a depositional model for the succession, which has not previously been 
established for this formation.  
A detailed field study was undertaken at Whakataki, New Zealand, in which 
eight stratigraphic sections were logged at centimetre scale resolution, implementing 
a comprehensive sedimentological and stratigraphic analysis, with ichnofossil 
classifications and environmental interpretations. Structural analysis was 
implemented as a subsidiary part of the research design to understand the pre-
deformational configuration of the sequence. The vertical stratigraphy lies within a 
south-west plunging syncline and represents approximately 600 m of well-preserved 
turbidites with defined Bouma Sequence intervals.  
Uniform NNE palaeoflow directions are observed throughout the sequence and 
indicate a dominant flow sub-parallel to the early Miocene subduction trench margin. 
Stacked turbidite event beds comprise primarily of cyclic Tb-e and Tc-e Bouma 
sequences and exhibit sheet-like, tabular bedding with extensive lateral continuity 
along strike of the NE-trending field transect, parallel to paleoflow. 
Sandstone/mudstone ratios range between ~ 30% - 70%, with a distinct decrease in 
proportion and thickness of sandstone with lateral distance from the southwest end of 
the field transect to the northeast, also consistent with palaeoflow direction.  
Sharp changes in character between vertically stacked stratigraphic successions 
are identified as bounding sedimentary discontinuities, distinguishing three main 
phases of sedimentation within the examined turbidite sequence. An abrupt facies 
shift from basal units of very fine-grained, thin-bedded turbidites are succeeded by a 
rapidly coarsening- and thickening-upwards profile, with turbidite beds exhibiting 
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sandstone bed amalgamation and rare cases of reverse-graded Bouma sequences. The 
abrupt coarsening-upwards trend is followed by a slight thinning- and fining-upward 
succession in the uppermost sedimentary unit. These upsection trends and the sheet-
like bedding characteristics are divergent from typical progrodational coarsening 
upwards sequences of submarine-fan depositional models. 
Ichnofaunal assemblages indicate sedimentation at a mid-bathyal setting, 
wherein the background equilibrium community consists of the Zoophycos 
ichnofacies, diagnostic of oxygen deficient, and quiet water conditions, and typical 
of the continental slope. A lack of Nereites ichnofacies, which are taken to be 
diagnostic of abyssal basin-plain turbidites, infers sedimentation of the Whakataki 
turbidites at depths above the base-of-slope. Shallow-water Cruziana ichnofacies 
were also common, particularly abundant in sandier sequences. The crossover 
between shallow- and bathyal-depth ichnofacies suggests a depositional setting on 
the continental slope.  
In the context of its tectonic setting, the sedimentological, stratigraphic and 
ichnofaunal characteristics of the Whakataki Formation indicate deposition of 
unchannelised low-density turbidity currents into a mid-bathyal, immature trench-
slope basin. Volume and frequency of sedimentary input was influenced by seismic 
activity and tectonic uplift of the deforming subduction wedge, while compressional 
deformation and propagation along major thrust sheets of the inner-trench slope 
strongly controlled the geometry of the receiving sedimentary basin, resulting in 
confinement and axial deflection of suspension currents.  Initiation of subduction and 
related syn-tectonic sedimentation at the Hikurangi Margin defined the specific 
elements of the Whakataki turbidite depositional system. The establishment of a 
depositional model for this turbidite sequence may have wider applicability in 
classification of deep-marine clastic systems in similar tectonic settings. 
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 Chapter 1: Introduction 1 
Chapter 1: Introduction 
The tectonic history of New Zealand has been complex, particularly on the 
eastern coast of the North Island where active westward subduction of the Pacific 
Plate beneath the Australian plate has been directly affecting the region since the 
earliest Miocene, approximately 25 Ma. At sites of active tectonism such as this, 
sedimentary processes will be variable and interpretations of depositional 
environments also become complex. The primary objective of this research program 
is to definitively constrain the palaeogeographical characteristics and depositional 
processes that existed during the deposition of the Lower Miocene Whakataki 
Formation, a turbidite sequence which is now exposed on the eastern shore of New 
Zealand’s   North   Island.   Situated   on   what   was   a   newly   active   and   accreting  
subduction margin during the time of deposition, sedimentation of this unit would 
have been significantly influenced by tectonic events. At the field locality, 
successions of intervals from the Bouma Sequence can easily be identified, and 
associations of bedding sequences are examined to understand the sedimentary 
processes and tectonic influences at the time of deposition. Process sedimentological 
and facies interpretations are applied in the context of the active tectonic regime to 




The Whakataki Formation of New Zealand is a prominent sequence of 
turbidites which can be seen outcropping along the south-eastern Wairarapa Coast. 
The type-section for this thesis is located at Whakataki, on the southeast coast of 
New Zealand (40°54S 176°13E) and is the focus of a case study of the Miocene 
turbidite succession (Figure 1.1). Though the Whakataki Formation has been 
included  and  described  in  the  literature  of  New  Zealand’s  geology  (Johnston,  1980;;  
Turnbull, 1988; Neef, 1991, 1992, 1994; Edbrooke and Browne, 1996; Crundwell, 
1997; Lee and Begg, 2002; Field, 2005; Field, 2006; Bailleul, 2007) little 
 2 Chapter 1: Introduction 
examination has been undertaken into establishing a detailed palaeogeographical or 
depositional model for the sequence of sedimentary units.  
 
Classification of depositional models for turbidity currents has often been a 
contentious subject in the literature and recent studies have been conducted to further 
the understanding of sedimentation in deep-marine settings (Kuenen, 1951, 1952; 
Bouma, 1962; Normark, 1970; Walker, 1972, 1978; Mutti and Ricci Lucchi, 1972; 
Middleton and Hampton, 1972, 1973; Lowe, 1982; Pickering et al., 1989; Reading 
and Richards, 1994; Shanmugan, 1994, 2000, 2001, 2006; Talling et al., 2012). The 
complex interplay of numerous factors including: tectonic setting, sea level change, 
feeder system morphology, receiving basin morphology, clastic input rate, 
composition and sediment provenance; are all important controls on the development 
of clastic deep-water depositional systems. The considerable variability in deep-
marine system processes and depositional morphologies makes the use of idealized 
depositional models generally inadequate in the interpretation of turbidite deposits, 
and the reason for such inconsistency in the literature.  
 
The turbidites of the Whakataki Formation were deposited on a newly-active 
subduction margin, which is inferred to have had a major influence on the basin 
architecture and sedimentary input of the effective turbidite system. Offshore of 
active modern subduction zones, turbidity currents have been observed settling 
within confined sedimentary basins on the continental slope. In these settings, 
turbidite accumulations are constrained by irregular bathymetric morphologies of the 
tectonically deformed inner-trench slope e.g. (Moore and Karig, 1976b; Underwood 
and Norville, 1986b; George, 1992; Prather et al., 1998; Booth et al., 2003; Prather, 
2003; Covault and Romans, 2009).  Specifically, sediments may accumulate between 
structural ridges or fault scarps, produced by contractional deformation and thrust 
faulting of the subduction wedge on the overriding tectonic plate. Receiving basins 
produced between these structural boundaries are known as trench-slope basins and 
sedimentary infill will commonly display sedimentological and stratigraphic 
characteristics that reflect the active tectonic environment under which the sediments 
were emplaced (Moore and Karig, 1976b; Underwood and Bachman, 1982; 
Underwood and Norville, 1986b; Underwood and Moore, 1995b). Sediments of New 
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Zealand’s  Miocene  Whakataki  Formation  are proposed to have accumulated within a 
confined trench-slope basin on the continental slope. 
 
Turbidite accumulation in trench-slope basins will generally result in 
characteristic depositional morphologies, which differ from the typical submarine-
fan models proposed for base-of-slope deep-water clastic systems e.g. (Kuenen, 
1964; Normark, 1970; Mutti and Ricci Lucchi, 1972; Mutti, 1977; Normark, 1978; 
Walker, 1978; Hiscott, 1981; Pickering et al., 1989). In contrast to basin-plain 
environments, the geometry of trench-slope basins are confined and elongate, and are 
oriented sub-parallel to the trench margin (Moore and Karig, 1976b; Underwood and 
Bachman, 1982; Underwood and Norville, 1986b; Underwood and Moore, 1995b). 
As these typically occur atop growing accretionary prisms of the subduction zone, 
the palaeobathymetry of receiving basins may be quite variable. Slope-basins can be 
situated at virtually any bathymetric position on the continental slope above abyssal 
depths. Deposition into these confined basins may result in sedimentary infill that 
exhibits axial deflection, producing fairly uniform paleo-flow directions throughout a 
particular sequence. The lateral size constraints and therefore reduced 
accommodation space of trench-slope basins also impact the formation of complete 
submarine fans with idealized morphologies as described in the literature. Basin-fill 
sequences in confined trench-slope basins will often reflect the syn-sedimentary 
tectonic deformation of the basin floor, recorded by soft sediment deformation 
features and ductile folding of stratigraphic packages. With these variations in 
depositional character, facies modelling of deep-marine sequences in tectonically 
active regions becomes complex and requires a focussed approach in analysing 
individual systems, within the context of major depositional controls.  
 
1.2 SIGNIFICANCE 
Detailed lithofacies and stratigraphic analyses of ancient turbidite deposits that 
accumulated in trench-slope basins are considerably under-represented in the 
literature. This research project provides a case study of an outcropping sequence of 
Miocene turbidites, which are proposed to have been deposited within a trench-slope 
basin during a period of tectonic deformation, related to the transition from a passive 
margin setting to a convergent margin at the Australia-Pacific plate boundary. This 
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research contributes to the current understanding and knowledge of bathyal depth 
turbidite emplacement on an actively accreting subduction complex with confined 
basin accommodation, in contrast to more commonly described deep-sea fan 
turbidite sequences on passive margins, into unconfined basin-plain settings.  
 
Submarine sediment-density flows deposited in tectonically active 
environments are rarely preserved or often complexly deformed due to continual 
deformation at the subduction front (Underwood and Moore, 1995). This paired with 
the general inaccessibility of modern in situ submarine deposits has resulted in only a 
small number of high-resolution studies on gravity-driven sedimentary 
accumulations from tectonically active environments.. Most of the current 
understanding of sedimentary processes in active accretionary wedge environments 
with spatially restricted basins is based on seismic information, swath-mapping 
bathymetry, and widely-spaced core logs drilled from offshore sites e.g. (Lewis, 
1980; Davey et al., 1986; Volker et al., 2006). The use of these methods has 
provided significant information about sediment pathways and redistribution patterns 
in modern subduction zones. However, there remains a deficiency in understanding 
of tectonically-influenced submarine deposits on the sedimentological, stratigraphic, 
and petrological level. This detailed information can be obtained by the direct study 
of a preserved sedimentary deposit. The rare exposure of the Whakataki Formation 
turbidite sequence on the eastern coast of New Zealand provides an excellent natural 
laboratory in which deep-water deposits can be studied in outcrop and in the context 
of its tectonic and palaeogeographical setting.   
 
1.3 THESIS AIMS  
The primary motive for this research is to establish a depositional model 
specific to the early Miocene submarine sequence of the Whakataki Formation, 
within the context of the uncharacteristic tectonic setting on a newly-active and 
evolving subduction margin. The program of research involves a detailed case study 
based at the Whakataki field site (Figure 1.1) where a sedimentological, facies and 
stratigraphic analysis of the turbidite deposit was undertaken, with a particular focus 
on palaeodepositional process interpretations. Qualitative ichnological analysis was 
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also implemented where possible, to add another dimension to the facies analysis 
which has never been applied to the particular turbidite sequence being examined. 
The research approach is predominantly field based, supplemented with laboratory 
analysis to examine sedimentary rocks at a finer scale and quantify facies 
associations. Structural mapping and analysis was also used to create a framework to 
assess the post-deposition deformation, the facies associations and overall 
stratigraphy. The detailed sedimentological and stratigraphic classifications and 
interpretations are placed within a greater geological context to compare and contrast 
with previous research associated with the Whakataki Formation to clearly define a 
palaeodepositional model for the Miocene stratigraphic sequence. With these 
methods, identification and interpretation of the specific palaeodepositional 
processes active during formation of the Whakataki Turbidite sequence is important 
not only for the understanding of tectonic and palaeogeographical setting of New 
Zealand’s east coast during the early Miocene, but also for the wider application of 
turbidite depositional models for sequences deposited under similar settings, on a 
global scale. 
The specific objectives of this research program are to: 
 Characterise the spatial and stratigraphic configuration of the turbidite deposit 
at the field location based using a reconstructed structural framework. 
 Provide a detailed description of the sedimentological and stratigraphic 
features observed in the turbidite sequence and interpret key depositional 
processes and controls using process sedimentology 
 Distinguish major lithofacies  and ichnofacies associations and interpret 
according depositional processes and environmental conditions 
 Delineate any limiting constraints on the extent of the deposit; establish 
whether it is an unconfined or confined system. 
 Synthesise results of analyses with reference to pertinent established models 
in the literature and relative local geology and palaeogeography to ultimately 
establish a depositional model for the Whakataki Formation.  
 
1.4 PHYSICAL LOCATION  
The main focus of this research is the turbidite sequence of the Whakataki 
Formation, New Zealand. Exposures of the Lower Miocene Whakataki Formation 
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are found on the eastern coast the Wairarapa region, on the southeast corner of the 
North Island (Figure 1.1 & Figure 3.6). Observed in wave-cut platforms, coastal 
exposures of the formation are distributed in a <3 km wide, longitudinally 
discontinuous belt stretching from Cape Turnagain in the North to the Pahaoa River 
in the south, with characteristic outcrops documented at Akitio, Castlepoint and 
Flatpoint (Figure 1.1) (Johnston, 1980; Neef, 1991; 1992; 1995; 1997; Lee and Begg, 
2002; Bailleul et al., 2007; Bailleul et al., 2013). These coastal outcrops are 
separated from inland exposures of the Whakataki Formation, which have been 
observed approximately 20 km inland from the coastline at Pongoroa and 
Branscombe (Johnston, 1980; Neef, 1992; Lee and Begg, 2002; Bailleul et al., 2007). 
The field area for case study in this thesis is located at the coastal location in 
Whakataki (40°54S 176°13E), which provides the type section of the formation in 
this examination and has been included in other previous research projects (Fig. 1.1; 
(Edbrooke and Browne, 1996; Field, 2005). Figure 1.1b below highlights the coastal 
transect from which all data was collected for this analysis.  
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Figure 1-1 Location of Study area on the North Island, New Zealand. A) Inset: Geographical setting of 
the Wairarapa Region (highlighted by stippled area), with documented outcrop localities of the 
Whakataki Formation marked; B) Topographic map of study area on the eastern coastline of 
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Chapter 2: The Deep-Marine Depositional 
Environment 
 The deep-marine depositional environment encompasses oceanic 
basins of the continental slope, continental rise, and oceanic plains, with bathymetric 
depths from below ~200 m, to abyssal depths of ~5000-6000 m. In this environment, 
voluminous input of terrigenous clastic and carbonate sediments supplied from 
bordering continental margins accumulate in vast deposits on the sea-floor. The 
distribution and transport of sediments in submarine settings is generally 
characterized by two broad types of processes; slow, persistent sediment transport, 
such as oceanic currents and accumulation of hemipelagic muds; or short-lived, 
intense events via gravity-driven density-flows transporting considerable volumes of 
sediment down the continental slope  (Korsch, 1988; Richards, 1992). The latter 
classification of processes is responsible for the emplacement of turbidites and 
related mass-flow deposits, such as those observed in the outcropping sequence of 
the Whakataki Formation, New Zealand. Sedimentary accumulations of gravity-
driven flows reveal much about the depositional environments and conditions under 
which sediments were deposited. Submarine processes of active modern turbidite 
systems are inherently difficult to monitor and analyse at depth. Thus, the 
development of idealized deep-water facies models and classification schemes has 
largely been founded on application of deposit-based process interpretation 
techniques to ancient turbidite outcrop sequences (Bouma, 1962; Normark, 1970; 
Normark, 1978; Mutti and Ricci Lucchi, 1972; Mutti, 1977; Pickering et al., 1989; 
Reading and Richards, 1994; Shanmugan, 2006; Talling et al., 2012; Walker, 1972, 
1978).  
 
2.1 DEEP-MARINE GRAVITY-DRIVEN PROCESSES & DEPOSITS 
Submarine gravity-driven processes include; turbidity currents, debris flows, 
slides, and slumps (Shanmugan et al., 1994). These sediment-flow processes require 
a trigger to initiate destabilization of shelf-edge sediments, which propagate down-
slope under gravitational forces, subsequently accumulating in oceanic sedimentary 
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basins developed on the shelf slope, down to the abyssal plain. There are numerous 
geological and environmental forces that may act as a trigger for shelf-edge sediment 
failures. Common examples include active tectonism causing earthquakes and 
seismic shocks destabilising sediment on the shelf and continental slope; eustatic sea-
level changes influencing accommodation; large storm waves, and periodic intense 
sedimentary influx from fluvial or deltaic systems associated with flooding 
(Sheppard, 1981; Walker, 1992; Shanmugan, 2006).  
 
Once destabilized, re-sedimentation by submarine gravity-driven flows results 
in distinct sedimentary deposits that reflect both source input and sediment transport 
processes (Migliorini, 1950; Sanders, 1965). Cyclic interbeds of sandstone and 
mudstone are characteristic deposits of turbidity currents, while disorganized fabrics 
of debrites, olistostromes and other chaotic deposits result from deposition of highly-
concentrated mass-transport processes such as debris flows, slides and slumps. 
Compositionally, sedimentary deposits of gravity-driven processes reflect the source 
area; most commonly comprising terrigenous material from high-input fluvial 
systems, with volcaniclastic and carbonate sediments also deposited in offshore 
basins with close proximity to active volcanic regions and shallow-marine carbonate 
shelves respectively. The inclusion of carbonate and bioclastic material in turbidites 
is an important indicator of the re-sedimentation process by gravity-driven density 
flows which transport shallow-marine material down the continental slope to be 
redeposited at significant depths, where such sediments do not naturally occur. 
 
Deep-water deposits exhibit variable textural characteristics and degrees of 
lithological maturity due to sediment reworking and subsequent re-deposition in 
oceanic basins (Migliorini, 1950; Sanders, 1965). For example, a basin plain turbidite 
sequence may contain highly mature quartz arenites if sediments underwent 
extensive reworking by wave and tidal processes before entrainment by the turbidity 
current. However, in a similar basin plain environment, sandstones may alternatively 
comprise   very   immature   deposits   of   lithic   wacke’s,   which   may   be   the   case   if  
sediments were transported almost directly from the source, without significant shelf-
reworking.  
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2.1.1 Gravity-Driven Process Classification and Characterization 
There has been significant amounts of research into submarine gravity-driven 
processes (e.g. Kuenen, 1950, 1952, 1966; Bagnold, 1954, 1962; Dott, 1963; Lowe, 
1982; Middleton and Hampton, 1973; Sanders, 1965), with more recent studies 
reviewing and revising some key concepts, with a greater focus on laboratory 
experiments (e.g. Dasgupta, 2003; Iverson, 1997; Iverson and Vallance, 2001; 
Iverson et al., 2010; Mulder and Alexander, 2001; Shanmugan, 2002; Shanmugan, et 
al., 1994; Shanmugan and Moiola, 1995; Sumner, 2008, 2009; Talling et al., 2004; 
2012). Some inconsistencies arise in the literature regarding classifications and 
terminology of submarine gravity-driven processes, leading to subsequent variability 
in interpretations of sedimentary deposits. There however, is a general consensus in 
classifying submarine gravity flows into two broad categories; (1) mass transport, 
and (2) sediment-gravity/density flows: 
Mass transport processes  
Mass transport processes refer to those that cause the dislodgement and down-
slope movement of generally large, coherent masses of sediments, comprising slides 
and slumps (Shanmugan, 2006).  Slides represent translational movement, in which 
sediments move along a planar gliding surface with their deposits showing minimal 
internal deformation. Slumps on the other hand, represent rotational movement, in 
which coherent masses of sediment move along a concave-up gliding plane, resulting 
in internal chaotic deformation within deposits (folding and contorted bedding). The 
deposits of these mass movements are termed slides and slumps respectively 
(Coleman and Prior, 1988; Shanmugan, 2006).  
Sediment gravity/density flow processes 
Sediment gravity flows, also termed sediment density flows, refer to particle-
fluid mixtures that travel down-slope, driven by the density difference between the 
sediment-laden flows with the surrounding ambient fluid (Middleton and Hampton; 
1973; Mulder and Alexander, 2001). Middleton and Hampton (1973) first defined 
sediment gravity flows as being distinguished by the primary driving force of 
sediment transport being the gravitational force acting on particles, which causes 
fluid movement. Four distinct types of sediment gravity-driven processes were 
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identified by Middleton and Hampton (1973), which are characterized by the 
sediment support mechanism of the flow (Figure 2.1): 
1. Turbidity currents: sediment is held in suspension by fluid turbulence;  
2. Fluidized flow: sediment is supported by the upward flowing fluid as 
grains settle; 
3. Grain flow: sediment is supported by grain-to-grain collisions and 
interactions; and 
4. Debris flow: large particle sizes are supported by a mixture of fluid and 
interstitial fine-grained sediment. 
 
 
Figure 2-1 Sediment gravity flows classified by primary sediment-support mechanism, after 
Middleton and Hampton (1973); (Covault, 2011). 
 
The classification and distinction between types of sediment gravity flow 
processes has been a somewhat contentious subject in the literature; resulting in 
variability in classification of sedimentary deposits related to gravity-driven 
processes. The central argument stems from variable schemes used to characterize 
gravity-flow  terminology,  with  particular  disagreement  regarding  ‘high-density’  and  
‘low-density’  turbidity  currents.  For  example,  Kuenen  (1950a,  1951)  first  introduced 
the   concept   of   ‘high   density   turbidity   currents’   with   laboratory   experiments   of  
gravity-driven sediment flows, comprising high-sediment concentrations and coarse-
grained sand particles. Kuenen (1951) documented observing a density-stratified 
longitudinal flow-structure, which exhibited a laminar-flowing basal layer and upper 
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turbulent-flow layer, and referred to the resultant sedimentary accumulation as a 
‘turbidite’  (Kuenen,  1952).  Multiple  sediment-support mechanisms were active in the 
stratified structure   of   the   discrete   ‘high-density’   flow,   and   therefore   was   not  
technically   a   “turbidity   current”   in the sense of Middleton and Hampton (1973), 
which specifies the principal sediment-support mechanism of turbidity currents to be 
purely fluid turbulence.  
 
Numerous publications have argued similar inconsistencies in terminology, 
questioning   the  accuracy  of  using  “turbidity  current”  and  “turbidite”   to   refer   to   the  
process and deposit of a highly-concentrated flow that exhibits various sediment-
support mechanisms (Sanders, 1965; Middleton and Hampton, 1973; Middleton, 
1993; Shanmugan, 1996, 2006).   Such   studies   propose   “turbidity   currents”   should  
strictly define flows wherein particles are supported purely by fluid turbulence and 
settle directly from suspension, and   suggest   the   concept   of   ‘high-density turbidity 
currents’   to   be   theoretically   flawed,   as   high-sediment concentrations inherently 
impede fluid turbulence (Bagnold, 1954, 1962; Sanders, 1965; Shanmugan, 1996, 
2006; Mulder and Alexander, 2001).  
In contrast, other researchers advocated that the  terminology  “turbidity  current”  
and  “turbidite”  should  refer  to  gravity-driven processes and deposits of any discrete, 
periodic, gravity-flow events, caused by failure of sediments on the shelf-slope; and 
which may comprise multiple sediment-support mechanisms within a discrete flow, 
with   a   distinction   between   ‘high-density’   and   ‘low-density’   turbidity   currents  
(Kuenen, 1952; Kuenen in Sanders, 1965; Lowe, 1982; Pickering et al., 1989; Mutti, 
1992; 1999; Kneller and Buckee, 2000; Talling et al., 2012). 
 
Distinction between sediment-gravity flow phases is in fact dependent on many 
factors, including sediment concentration, sediment support mechanisms, flow 
rheology, flow state, particle settling properties, cohesion of particles, and flow 
duration (Bagnold, 1954; Dott, 1963; Sanders, 1963; Middleton and Hampton; 1973; 
Lowe, 1982; Lowe and Guy, 2000; Iverson and Vallance, 2001; Mulder and 
Alexander, 2001; Shanmugan, 2002; Sumner, 2009; Talling et al., 2012). With so 
many influencing factors, a lack of consensus in process classification persists 
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throughout the literature, as various authors propose classification schemes based 
only on a portion of all the significant constraints. A thorough scientific review of 
subaqueous gravity-driven processes and their deposits by Talling et al., (2012), 
summarizes the key historical and modern findings in the literature, proposing an 
original deposit-based classification scheme that integrates known process 
characterization factors with examined sedimentary sequences. Talling et al., (2012), 
along with other modern experimental studies and research projects (Baas et al., 
2004; Lowe and Guy, 2000; Haughton et al., 2009; Sumner, 2009; Talling et al., 
2004,  2007)  advocate  the  use  of  “turbidite”  to  refer  to   the  sedimentary  deposit  of  a  
single   ‘sediment   density   flow-event’.   By   this   terminology,   a   ‘density   flow-event’  
may comprise several different types of flow over a lifetime, including variations of 
‘debris  flows’  and  ‘turbidity  currents’  (Talling et al., 2007a; Haughton et al., 2009; 
Talling et al., 2012). Turbidity current processes are subdivided by Talling et al., 
(2012)   into:   ‘high-density   turbidity   currents’;;   ‘low-density   turbidity   currents’,   and;;  
‘mud   density   flows’.   In   the   present   research, process-classifications of turbidity 
currents outlined by Talling et al., (2012) will be used.  
Sediment Density Flow-events 
A sediment density flow-event refers to a short-lived, discrete flow, which may 
comprise elements of several different types of flow simultaneously or undergo 
transformation of flow-type over time (Shanmugan et al., 1994; Talling et al., 2004, 
2012; Haughton et al., 2009). There is generally a down-slope trend of 
transformation, from relatively coherent slumps, slides and debris flows into 
incoherent turbidity currents further down-slope from the sediment source (Figure 
2.2; Dott, 1963; Hampton, 1972; Kuenen, 1951; Fisher, 1983; Shanmugan et al., 
1994, 2006). In this process, initiated by a slope sediment-failure at the shelf, a 
submarine mass-flow moving down-slope undergoes mass disaggregation due to 
fluid intake, resulting in transformation of coherent slides and slumps into viscous 
debris flows. Increased dilution by fluid ingestion, paired with increasing down-slope 
velocity, may trigger a change in the fluid flow-state from laminar to turbulent flow, 
consequently causing evolution from a debris flow into a turbidity current (Hampton, 
1972; Shanmugan et al., 1994; Haughton et al., 2009; Talling et al., 2012).  
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Figure 2-2. Downslope transitional trends in sediment density flows. Adapted from Shanmugan et al., 
(1994a) 
 
The opposite transformation has also been documented to occur at the end of a 
flow lifetime, wherein turbidity currents revert back to debris flows or an 
intermediate transitional flow state, during the last stages of deposition (Lowe, 1979; 
Middleton, 1993; Lowe and Guy, 2000; Haughton et al., 2009; Lowe, 2009; Talling 
et al., 2012). Individual sediment density flows are most often vertically stratified, 
including variable elements of both cohesive laminar flow, and incoherent turbulent 
flow (Kuenen, 1952; Garcia and Parker, 1993; Garcia, 1994). In highly-concentrated 
and density-stratified flows, both debris flows and turbidity currents may exist 
together in one discrete flow (Postma et al., 1988). What has emerged from these 
studies is the existence of a continuum of flow-types between two end members of 
sediment density flows: (1) debris flows and (2) turbidity currents; where 
intermediate flow-states   are   considered   as   ‘high-density’   turbidity   currents,   and  
which may occur together as part of a discrete, gravity-driven flow-event (Lowe, 
1982; Lowe and Guy, 2000; Pratson, et al., 2000; Mulder et al., 2001; Haughton et 
al., 2009; Talling et al., 2007a, 2012).  
 
2.1.2 Turbidity currents and Turbidite deposits 
Turbidity currents are subaqueous gravity-driven sediment flows, classified as 
Newtonian fluids, the rheology of which have no inherent strength and deform 
immediately upon the application of shear stress (Dott, 1963; Lowe, 1982; 
Shanmugan and Moiola 1995). The initiation of turbulence in a flow results in all 
individual particles being held in suspension by fluid turbulence, which is the 
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defining sediment-support mechanism in turbidity currents described by Middleton 
and Hampton (1973). However as aforementioned, turbidity currents can be 
subdivided into high-density and low-density turbidity currents, and the sediment-
support mechanism varies with flow sediment-concentration. The sediment-support 
mechanism in dilute, low-density currents is exclusively fluid turbulence (Lowe, 
1982; Talling et al., 2012); whereas fluid turbulence is the primary sediment-support 
mechanism in high-density turbidity currents, however grain-to-grain interactions 
also become important, particularly upon particle settling (Lowe, 1988; Kneller and 
Branney, 1995; Talling et al., 2012). 
Low density turbidity currents have been documented to comprise sediment 
concentration values ranging between 1-27% (Kuenen, 1966; Middleton, 1967, 1993; 
Middleton and Hampton, 1973; Pantin, 1979; Talling et al., 2012), and high-density 
or high-concentration turbidity currents have been recorded at variable sediment 
concentrations between 6-85% (Kuenen, 1951, 1966; Lowe, 1982; Middleton, 1970; 
Middleton and Hampton, 1973; Pickering et al., 1989; Talling et al., 2012).Talling et 
al., (2012) and other publications (Kuenen, 1966; Middleton, 1970; Middleton and 
Hampton, 1973; Mulder and Alexander, 2001) use the sediment-concentration 
threshold reported by Bagnold (1954, 1962) of ~ 10% as the upper bounding limit to 
define low-density turbidity currents, wherein gravity-flows with sediment 
concentrations below ~10% are purely turbulent. High-density turbidity currents 
(sensu Talling et al., 2012), comprise sediment-concentrations approximately >10%, 
occurring as incoherent sediment flows without any mud matrix, in which particles 
are dominantly supported by fluid turbulence, until hindered settling becomes an 
important near-bed process as larger grains experience increased shear stress at the 
basal interface (Sumner, et al., 2009; Talling et al., 2012). High-density turbidity 
currents are distinguished from high-concentration debris flows by particle settling 
properties and cohesion of particles, which is ultimately a product of sand to mud 
proportions within a discrete flow (Sumner, et al., 2009). In high-density turbidity 
currents, sediment particles accumulate incrementally, whereas particles of debris 
flows are deposited en masse, due to the cohesive nature of the flow formed by a 
concentrated mud-matrix (Sumner, at al., 2009; Talling et al., 2012). 
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With sufficient bed gradient and flow density, forward motion of turbidity 
currents may be maintained by auto-suspension, in which gravitational forces acting 
on the density difference between the sediment-fluid mix and the surrounding 
ambient fluid, effectively drives the continued turbulent kinetic energy of the current 
(Bagnold, 1962; Inman et al., 1976; Meiberg and Kneller, 2010; Pantin and Franklin, 
2011). Upon turbulent mixing of a sediment gravity flow travelling down-slope, 
ambient fluid will be digested at the head, diluting and expanding the flow size. At 
the same time, sediment particles are deposited at the hind part of the flow, and if 
travelling fast enough, erosion at the basal interface may occur simultaneously, 
entraining new sediments into the body of the flow (Pratson et al., 2000). In this way, 
turbidity currents are dynamic, non-conservative processes, with continuous 
interactions with sea-floor sediments and the surrounding ambient fluid (Meiberg 
and Kneller, 2010; Middleton, 1993).  It is the presence of sediment particles in 
gravity-driven turbidity currents that ultimately cause fluid turbulence and sediments 
are   essentially   “suspending   themselves”;;   hence   the   term   auto-suspension, first 
theorized by Bagnold (1962). Turbidity currents are described as having well-
developed longitudinal hydraulic structure under the conditions of auto-suspension, 
wherein currents are able to maintain momentum over vast distances in unconfined 
basin plain environments, to the extent of several hundred kilometres in some 
instances (Kuenen, 1951; Pilkey, 1988; Middleton, 1993).  
 
As a turbidity current moves down-gradient and onto the basin plain, sediments 
will progressively settle out of suspension as the sediment-density contrast is reduced 
due to water ingestion and dilution at the head of the flow and waning energy 
conditions (Walker and Mutti, 1973; Walker, 1992; Stow, 1994; Nichols, 1999; 
Kneller and Mccaffrey, 2003). Turbidity currents move down-slope under shear 
velocity and deposition occurs when the velocity of the flow decreases spatially or 
temporally. This may be caused by a decrease in the angle of the slope, spatial 
expansion of the flow, reduction in sediment load or may be affected by fluctuations 
in the rate of sediment supply over time (Kneller and Mccaffrey, 2003). Under shear 
velocity conditions in which a flow is waning, turbidity currents most typically 
produce a normally graded sequence with each discrete turbidite deposit, as the 
coarser sediments preferentially fall out of suspension first and finer grained 
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sediments remain in suspension moving to the front of the flow, and the deposit 
builds incrementally, layer-by-layer (Bouma, 1962; Talling et al., 2012). This 
characteristically results in a series of genetically related, normally graded 
depositional event beds that occurred in stratigraphic continuity (Nichols, 1999; 
Kneller and Mccaffrey, 2003; Covault and Romans, 2009).  
 
Recent experimental and deposit-based studies have revealed the critical 
importance of near-bed processes in turbidite deposition, which result in distinctive 
sedimentary structures and vertical bedding patterns that relate to the evolution of a 
turbidity current on a temporal scale (Kneller and Branney, 1995; Kneller and 
McCaffrey, 2003; Talling et al., 2004). The key concept is that turbidite beds 
aggrade progressively, rather than on masse and subsequently, a vertical sequence 
within a turbidite bed reflects the history of flow dynamics at a singular point over 
time (Hiscott at al., 1997; Kneller and Branney, 1995; Kneller and Buckee, 2000; 
Kneller and McCaffrey, 2003; Sumner et al., 2009; Talling et al., 2012). In this case, 
vertical grading of grain-sizes and stacked sedimentary structures found in a turbidite 
sedimentary unit convey no relation to the vertical density-stratified profile of a 
turbidity current, rather it records the temporal evolution of flow properties and near-
bed processes of the current at a particular point over time (Kneller and McCaffrey, 
2003; Talling at al., 2012).  
 
In research focused on interpretation of turbidite vertical sequences, Kneller 
and McCaffrey (2003) proposed that there are three key modes of sediment settling 
in a progressively aggrading turbidite deposit: 
1. Static suspension settling due to the extinction of a flow – wherein the fluid 
turbulence of the current is no longer sufficient to carry grains in 
suspension; 
2. Sediment accretion in which particles that have fallen from suspension 
beneath a moving current experience a period of traction on the bed before 
coming to rest; and 
3. Direct suspension sedimentation (derived from Lowe, 1982) in which a 
flux of sediment settling from suspension is so rapid that it prevent any 
tractional period before coming to rest. 
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These particle settling modes reflect the capacity and competence of a 
particular flow at a particular time, which are properties that evolve during the 
lifetime of a turbidity current, as the longitudinal shear velocity is affected 
temporally and spatially with distance from source (Kneller, 1995; Kneller and 
McCaffrey, 2003; Sumner, 2009). Variable sedimentary structures result from the 
evolving flow, which form by aggradational sediment accumulation that is definitive 
of turbidite deposition. Such depositional structures include tractional laminations 
and ripples during sediment accretionary stages at the basal shear interface; and 
massive, reverse graded or complexly bedded   units   related   to   sediment   ‘freezing’  
under direct suspension sedimentation when flow capacity is breached by a high 
sediment flux (Kneller, 1995; Kneller and McCaffrey, 2003). Static suspension 
settling usually results in normally graded grain-size profiles of only the finest 
grained materials including muds and clays.   
 
Historically, turbidites were thought to have been the resultant deposits purely 
of sediment settling out of a waning flow (Bouma, 1962; Kuenen and Migliorini, 
1950; Middleton, 1967; Sanders, 1965). However, more recent studies have 
suggested that at depositional sites close to source, sediment deposits may record 
waxing flow conditions of surging flow types, such as at the onset of flood-generated 
turbidity currents (Mulder and Alexander, 2001). Under these conditions, particles 
that settle beneath the moving current accumulate incrementally and tend to record 
increasing shear stress with time, thus producing an inversely graded bed with 
complex bedforms (Kneller, 1995). After the turbulent kinetic energy of the current 
diminishes, waxing flow is generally followed by waning flow, and therefore 
normally graded beds may be found in association with an underlying inverse graded 
sequence of the waxing flow, particularly in proximal sites (Kneller and Branney, 
1995; Mulder and Cochonat, 1996; Mulder and Alexander, 2001; Kneller and 
Mccaffrey, 2003; Talling et al., 2007; Sumner et al., 2009; Talling et al., 2012). 
Turbidite beds may also accumulate under quasi-steady to steady flow conditions, 
such that where a sediment flow is steady at the point of initiation, the flow may 
remain steady downstream and maintain a relatively uniform longitudinal velocity 
structure for a prolonged period (Piper and Savoye, 1993; Piper et al., 1999; Kneller 
and Mccaffrey, 2003). Deposits of steady and quasi-steady flows generally exhibit 
little to no sedimentary structures, and are typically un-graded (Kneller, 1995). The 
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vertical sedimentary features of a turbidite deposit reflect the influencing properties 
of the parent flow, and interpretations can be made in regards to their origin in the 
deep-marine environment. 
 
2.2 TURBIDITE FACIES MODELS 
Bouma (1962) was the first to make a link between a distinctive set of 
vertically bedded structures noted in outcrop, with deposition from dilute-turbidity 
currents in the deep-marine environment. The seminal paper by Bouma (1962) 
proposed that deposition from a discrete waning, low-density turbidity current gives 
rise to a predictable vertical sedimentary succession, providing a facies model now 
known  as  the  ‘Bouma  Sequence,’  which  remains  the  most  recognized  turbidite  facies  
model (Figure 2.3). A complete vertical succession of this distinctive sequence has 
been   termed   a   ‘classic   turbidite’   (Walker,   1972),   and   comprises   five divisions, 
referred  to  as  ‘a’  through  to  ‘e’  at  the  top  of  the  section, and annotated as Ta through 
to Te. These divisions represent process-related lithofacies, and vertical variations in 
the succession indicate the evolution of a singular waning, low-density turbidity 
current recorded by progressive sediment settling, directly from turbulent suspension 
(Bouma, 1962). The following summaries have been adapted from Bouma's original 
classifications: 
Ta: This basal section commonly has an erosional or sharp base and consists of 
poorly to moderately sorted, massive sands due to rapid deposition with reduced 
turbulence preventing the formation of bedforms and primary sedimentary structures. 
Rip-up clasts are commonly included. 
Tb: Sands from Ta   grade up into planar bedded sands, grain size is 
normally finer (medium to fine grained) and sorting has increased, produced by 
upper flow regime. 
Tc:  Sands from Tb   grade up into cross-laminated, current-rippled and 
climbing-rippled medium to fine sands. Convolute lamination is also fairly common 
in this layer. Deposition occurs as upper flow regime decreases to moderate flow 
velocities with high sedimentation rates.  
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Td:  Sands from Tc are overlain by laminated fine to very-fine sands and 
silts that are deposited in the waning flow stage of the turbidity current. Laminated 
bedding dominates this division but is thinner than and not as distinguished as those 
in  division  ‘b’. 
Te:  This cap layer consists of very fine grained sediments, usually silts 
and clays which are deposited from suspension as the turbidity current has ceased. It 
is commonly dominated by hemipelagic sedimentation. 
 
Figure 2-3 Diagram of classical Bouma Sequence with divisions A, B, C, D, E/ Ta, Tb, Tc, Td, Te and 
primary characteristics of each interval (Adapted from Bouma, 1962) 
 
The vertical structure of a turbidite deposit directly relates to the longitudinal 
velocity of a particular flow (Kneller and McCaffrey, 2003). As dilute low-density 
turbidity currents are waning flows that experience a decrease in velocity and energy 
over time, the resulting deposit exhibits a grain size decrease with distance from the 
source feeder channel as the turbulent energy required to maintain larger grain sizes 
dissipates. This means the idealized Bouma sequence will rarely be found in entirety 
from   division   ‘Ta’   through   to   ‘Te’,   particularly   in   the   distal   regions   where   flow  
velocity has significantly slowed (Bouma, 1985; Kneller and Mccaffrey, 2003). 
Instead, there will be a proximal to distal lateral zonation of sedimentary facies, such 
that the coarser-grained  lower  divisions  ‘Ta’  and  ‘Tb’  will  generally  only  be  found  in  
deposits proximal to the source while distal deposits will most likely only display the 
upper, fine-grained divisions Tb-e and Tc-e of the Bouma sequence, as the coarser 
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grained divisions are progressively lost with distance (Kuenen and Menard, 1952; 
Bouma, 1962; Dott Jr, 1963; Middleton, 1993; Bouma and Stone, 2000; Kneller and 
Mccaffrey, 2003; Sumner et al., 2008; Talling et al., 2012). 
 
A turbidite facies scheme for deposits of high-density turbidity currents was 
originally described by Lowe (1982) who proposed an idealized sequence with 
divisions similar to the turbidite facies of the Bouma Sequence (1962), which 
complements the series of the Bouma sequence at the lower boundary of Ta. As well 
as sediment support mechanisms and sediment concentration, Lowe (1982) 
subdivided gravity-driven flows and their according deposits based on grain size 
populations, delineating a facies scheme with six classifications comprising; R1, R2, 
R3, and S1, S2, S3. The  ‘R’   turbidite  divisions  are  specific to deposits of gravel-rich 
high-density  currents  and  the  ‘S’  turbidite  divisions  refer  to  units  deposited  by  sand-
rich high-density currents. Lowe (1982) described a down-slope transformation of 
this bedding sequence, in which more distal deposits would typically not comprise 
the S3 or S2 coarse-grained sandstone units due to extreme flow unsteadiness, and 
only thin beds of S1 would be deposited, which are equivalent to the basal Ta unit of 
the Bouma Sequence, with traction structures of Tbc immediately overlying the S1 
bed. The turbidite facies scheme of Lowe (1982) has found limited application in 
facies analysis, particularly for modern deep-marine sequences, and is not frequently 
used as a stand-alone facies scheme for turbidite deposits.   
 
Talling et al., (2012) however, includes the terminology and descriptions of the 
classical Bouma Sequence in combination with upper facies properties of Lowe 
(1982).   This   follows   Lowe’s   (1982)   original   suggestion   that   the   upper   S3   unit   is  
equivalent to the Ta Bouma interval in distal regions, proposing that Ta is deposited 
by high-density turbidity currents and Tb-e represent deposition by dilute or low-
density turbidity current, according to the definitions of these sediment density flows 
sensu Talling et al. (2012; Section 2.2). It is important to note that Talling at al. 
(2012) and other authors (Lowe and Guy, 2000; Mulder and Alexander, 2001; 
Mulder et al., 2001; Haughton et al., 2009) have concluded that discrete density-flow 
even may comprise both high-density and low-density turbidity currents within its 
lifetime, and therefore indicates the Bouma Sequence, originally attributed to 
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deposition by a waning low-density turbidity current, may have, at one point along 
the longitudinal profile, also comprised a stratified basal high-density portion. The 
present research will use the nomenclature of Bouma (1962) for turbidite facies 
classifications, with Bouma Sequences annotated Ta-Te; however will follow the 
process-characterization of Talling et al., (2012), in that the Ta division of the 
Bouma Sequence represents deposition by high-density turbidity currents, and Tb-Te 
divisions represent deposition by low-density turbidity currents. 
 
2.3 DEEP-MARINE DEPOSITIONAL SYSTEMS AND SETTINGS 
2.3.1 Submarine Fans 
The  term  “turbidite  system”  is  often  used  synonymously  with  “submarine  fan,”  
being that the major component of submarine-fans is the deposits of turbidity 
currents, with only minor deposits of other gravity-driven processes (Bouma, 1985, 
2000). Submarine fans occur along both passive and active tectonic margins, and are 
built up by the deposits of successive gravity-driven mass flows, which feed from the 
terminus end of submarine-canyons, which deeply incise the shelf-wall. As confined 
currents of the canyon-channel reach the canyon mouth, sediments funnel out into 
the   basin   plain,   typically   producing   ‘cone’   or   ‘fan’   shaped   accumulations   of  
sediments at the base-of-slope, wherein deposits thin laterally with distance from 
source producing proximal to distal zonations of deposits (Figure 2.4; Menard, 1955; 
Normark, 1970; Walker, 1978). The construction and morphologies of submarine 
fans is constrained by several key parameters, including tectonics, climate, sediment, 
and sea-level fluctuations; which in-turn effect rates of sediment supply and basin 
accommodation space (Howell and Nelson, 1985; Walker, 1992; Stow, 1994; 
Prather, 1988; Bouma, 2000). These factors ultimately constrain the overall extent 
and morphological growth pattern of submarine fans. Deep-sea fans that accumulate 
in unconfined depositional settings, such as abyssal basin plains, will typically 
produce radial fan-morphologies with progressive turbidite deposition, and display 
distinct characteristics produced by the sub-environmental processes of submarine 
systems, including; erosional channels, channel-levee systems, depositional lobes 
and distal turbidite sheets.  
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Figure 2-4 Idealized point-source submarine-fan morphology (Nichols, 1999) 
 
 
Submarine-fan depositional models 
Earliest research of modern submarine fans, including of the Rhone Fan of the 
Mediterranean (Menard et al., 1965) and the La Jolla Fan of California Borderland 
(Shepard et al., 1969), enabled detailed mapping of fan morphologies, which 
Normark (1970) utilized in development of the first Submarine-fan model, 
comprising distinct topographic elements of; the Upper fan, Middle fan and Lower 
fan (Figure 2.5; Normark, 1970). This idealized depositional model was followed by 
slight variations of Walker (1978), Mutti and Normark (1978) and Pickering et al. 
(1989), which together have provided a highly recognizable depositional model for 
turbidite systems in the current literature. Succeeding publications have also made 
further contributions to the idealized submarine-fan characterization, as described in 
the following section. 
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Figure 2-5 Conceptual model of a sand-rich submarine fan displaying morphological zonations of 
depositional lobes and facies distributions (Normark, 1970).  
 
Upper Fan 
The upper fan region of submarine fan systems generally comprises erosional 
and channelized sequences (Mutti, 1992). Submarine canyons are deep v-shaped 
valleys, often sinuous and steep-walled, which incise into the continental slope, 
acting as a sediment transfer zone linking onshore and near-shore sediments to the 
deep-marine environment  (Menard Jr, 1955; Menard et al., 1965; Shepard and 
Emery, 1973). Submarine fan channels are the main feeder conduits, issuing 
sediments from the base-of-slope canyon terminus to the oceanic basins, and occur 
primarily in proximal fan areas, meandering and bifurcating to the middle fan where 
smaller tributaries reach the lower fan (Kirschner, 2000). These channels generally 
incise into underlying fan deposits, particularly in proximal locations (Figure 2.3, 
2.4; (Leeder, 1999). Submarine channels are variable in size and length, with incised 
valleys of some ancient systems documented to reach up to tens of kilometres in 
width and hundreds of metres in depth, with decreasing dimensions further down-
depositional-dip from source (Menard et al., 1965; Normark, 1978; Walker, 1978; 
Macdonald and Butterworth, 1990). More recent seismic studies and sonagraph 
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imaging has revealed the extremely sinuous nature of some modern submarine-fan 
channels, such as the Mississippi Submarine Fan offshore of North America, which 
exhibits bifurcations, avulsions, cut-offs and oxbows, such as those observed in 
terrestrial fluvial systems (Damuth and Flood, 1983). 
Key sediment-transport mechanisms in the upper fan system consist of both 
systems of submarine processes described in Section 2.1; mass-flow processes and 
sediment density-flow processes (Middleton and Hampton, 1973; Shanmugan, 2006). 
Large mass-movements of cohesive sediment mixtures are destabilised on the 
continental slope and initially move as slides and slumps within the incised canyon, 
commonly transforming down-slope into sediment gravity-flows including debris 
flows and turbidity currents, as velocity increases and fluid ingestion dilutes the 
gravity-driven density flow (Heezen, 1959; Sumner et al., 2008; Haughton et al., 
2009; Sumner et al., 2009; Talling et al., 2012). Sedimentary deposits within 
submarine canyons and incised channel valleys of the upper fan region reflect the 
close proximity to source and comprise predominantly coarse-grained units and 
chaotic blocks, deposited by large submarine mass movements (Kuenen, 1951; 
Stanley et al., 1978; Walker 1978; Talling et al., 2012). Deposits of debris flows are 
particularly common at the head of submarine canyons and base-of slope 
environments where the termination of mass-movements often result in olitstostrome 
deposition, in which large blocks of coherent strata becomes intercalated in a matrix 
of slightly older or contemporaneous normal deposits (Moiola and Shanmugan, 
1984).  Deposits of high density turbidity currents in upper-fan, channel-fill 
sequences occur as massive sandstones that may be crudely graded, sometimes with 
gravel and pebble basal lags, that are primarily structureless or have crude 
laminations, and represent the lower high-concentration divisions of the Bouma 
Sequence Ta and Tb (Mutti and Ricci Lucchi, 1972; Normark, 1978; Walker, 1978; 
Mutti, 1992; Walker, 1992).The dimensions of the canyon walls and submarine 
channel constrain the lateral extent of the gravity-driven mass flows and the final 
deposits typically demonstrate lenticular cross sections with sharp discontinuities at 
the walls and basal contacts (Kirschner and Bouma, 2000).  
 
As gravity-driven density currents funnel out of the incised canyon head, the 
velocity structure of the flow generally transforms highly-concentrated mass flows 
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into high- and low- density turbidity currents that remain channelized on the upper 
fan, following sinuous channels along the down-dip palaeo-slope (Damuth et al., 
1983a; Mattern, 2005). These submarine channels of the inner fan are flanked by 
prominent levees that create distinct channel-levee complexes within submarine fan 
deposits (Fig 2.4), which are created as turbidity currents that were originally 
confined to the submarine-channel drift out laterally, depositing cyclic units of 
laminated sand, silt and mud that have preferentially settled out of suspension on the 
channel banks (Normark, 1978; Fraser, 1989; Walker, 1992). These levee turbidites 
consist only of the fine grained, upper layers of the Bouma sequence Tc-e (Bouma, 
1962; Bouma, 1985; Walker, 1992). Overbank deposition, termed by (Mutti and 
Normark, 1990) also carries the turbidity currents out of the channel where it 
continues over the levees carrying the finer grained sediments to more distal regions. 
Overbank deposition results in a wedge-shaped geometry of upper division turbidite 
beds near the channels that become thinner bedded and finer grained with distance 
(Fraser, 1989; Kirschner and Bouma, 2000). Levee growth and overbank deposition 
may be preferentially developed on the left hand side of channels in the southern 
hemisphere (vice versa for the northern hemisphere) due to the channel overflows 
being deflected to the left by the Coriolis Effect (Komar, 1969).  However, this 
phenomenon has only been documented in a few modern fans in the Southern 
Hemisphere (Carter, 1988; Bruhn and Walker, 1995; Carter et al., 1996; Bruhn and 
Walker, 1997) and is less significant in high and low latitude geographical locations 
due to a weaker inertial force (Peakall et al., 2007).   
 
Middle Fan  
The middle fan comprises depositional lobes, formed by turbidity currents 
exiting the confines of the leveed upper-fan channel and depositing radially onto the 
basin-plain. Progressive sedimentation results in aggradation of turbidites, leading to 
the progradation of channel-lobe sequences (Normark, 1970, 1978; Walker, 1978; 
Shanmugan and Moiola, 1991). The character of the mid-fan region and depositional 
lobe morphologies is dependent on the sediment input and predominant grain size of 
the submarine canyon-fan system (Readings and Richards, 1994). In coarser-grained 
sand dominated turbidite systems, the middle fan comprises depositional suprafan 
lobes, which are constructed by rapid deposition of highly-concentrated turbidity 
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currents that aggrade progressively at the termination of the upper-fan valley 
(Normark, 1978; Walker, 1978; 1992; Ross et al., 1994). Aggradation of coarse 
sediments at the canyon-mouth results in convex-upward relief of depositional lobes, 
and progressive sedimentation subsequently results in progradation of the submarine 
fan system (Figure. 2.4; (Normark, 1978; Walker, 1978; Nichols, 1999). The upper 
limits of suprafan lobes are dominated by braided-river channel systems with poorly 
developed levees, in which simultaneous shallow channel systems may coalesce, and 
which result in deposits of stacked channel-sand and coarse-grained turbidite 
packages, with intermittent mud intervals (Normark, 1970; Mutti and Ricci Lucchi, 
1972; Normark, 1978; Walker, 1978; Mutti, 1992). 
 
The mid-fan region of fine-grained turbidite systems, are characterized by 
meandering channels with numerous distinct low-relief, leveed distributaries. 
Although the middle fan comprises several distributaries, only one will be active at 
any given time (Leeder, 1999; Kirschner and Bouma, 2000). The active distributary 
channel funnels sediments onto a depositional lobe (which may reach the lower-fan 
in particularly muddy systems), where sediment aggradation eventually creates 
positive relief causing channel avulsion and inception of a new depositional lobe, as 
sediment-gravity flows follow a path of steeper gradient (Normark, 1978; Walker, 
1978; Stow, 1994). Channel distributaries are split from the main feeder channel of 
the upper-fan, and distributary channel-fill sequences comprise coarser-grained, 
poorly sorted, massive sands, with Bouma divisions Tab. Deposits on levee 
complexes of the distributary channels comprise thinly bedded Tcde Bouma 
sequences (Nelson et al., 1976; Sadler, 1982; Walker, 1985; Bruhn and Walker, 
1997).  
As sediments feed out from mid-fan distributary channels, progressive 
sedimentation on depositional lobes results in an overall coarsening-up and 
thickening-up sequence within a vertical stratigraphic section, indicating 
simultaneous aggradation and progradation of lobe systems (Normark, 1970; Mutti 
and Ricci Lucchi, 1972; Normark, 1978; Shanmugam and Moiola, 1995). A typical 
cross section of a mid-fan lobe deposit therefore consists of a coarsening upward 
section of sandy turbidites capped by an erosive, channel-fill unit of coarse sands and 
gravels deposited by the distributaries (Normark, 1970; Mutti and Ricci Lucchi, 
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1972; Normark, 1978; Walker, 1978; Barnes and Normark, 1985; Mutti and 
Normark, 1987). Successions from fine-grained system depositional lobes typically 
comprise complete Bouma sequences, with Ta-e and Tb-e beds deposited in a 
progradational fashion with each sediment gravity flow-event. Turbidite sequences in 
lobe deposits are laterally continuous and can extend over several tens of kilometres 
exhibiting sheet-like geometry (Shanmugan and Moiola, 1995). Individual lobe 
thickness packages typically measure between 3-15 m, where stacked mid-fan lobe 
deposits of a complete submarine-fan complex can measure up to hundreds of metres 
thick (Normark, 1978; Mutti and Normark, 1990). On the basin-wide scale, 
depositional lobes of the mid-fan are lenticular in cross-section and form vertical and 
lateral composite bodies due to multiple growth phases via new distributary 
pathways (Normark, 1970; Mutti and Normark, 1990; Covault and Romans, 2009). 
 
Lower Fan  
The morphology and characteristics of lower-fan deposits are also dependant 
on the dominant grain size of the feeding gravity-driven system. Hemipelagic 
sediments are dominant in outer-fan basin plain deposits of coarse-grained turbidite 
systems, as high-density turbidity currents are generally inefficient, unable to 
transport coarse sediments far distances into the basin plain region. The lower-fan 
environment of fine-grained turbidite systems are characterised by non-channelized 
deposits of fine-grained, thin-bedded turbidite sheets that may spread vast lateral 
distances due to unconfined transport of sediments in suspension on the basin plain 
(Fig. 7; (Mutti, 1977; Pickering et al., 1989; Walker, 1992; Reading and Richards, 
1994). These distal deposits are often distinctive with regularly bedded 
sandstone/mudstone couplets comprising mainly of the upper Bouma divisions Tde 
and Tcde, interbedded with hemipelagic mudstone intervals (Nelson et al., 1976; 
Fraser, 1989). Sheet-like geometry of turbidite deposits, with tabular bedding, 
demonstrates tremendous lateral continuity of bedding in the lower-fan to basin-plain 
environment (Normark, 1970, 1978; Mutti and Ricchi Lucchi, 1972). Depositional 
lobes of fine-grained systems, fed by distributaries of the mid-fan, often reach the 
extent of the lower-fan region, with highly efficient dilute turbidity currents carrying 
fine-grained particles vast distances (Mutti, 1977; Damuth and Flood, 1983). 
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2.3.2 Variations of the submarine-fan model 
A key paper on the classification of turbidite systems by Readings and 
Richards (1994) pointed out the significant influence of grain size and type of feeder 
systems on the resulting deposit  morphology,  which  stray  from  the  ‘classical’  radial  
submarine-fan models of the earliest workers (Normark, 1970; Walker, 1978). In this 
classification scheme, Readings and Richards (1994) describes twelve classes of 
turbidite systems. Four systems are delineated based on primary grain size of the 
turbidite system: 
1. Mud-rich systems (~ < 30% Sand); 
2. Mud/sand-rich systems (~ 30-70% Sand); 
3. Sand-rich systems (~ > 70% Sand); and 
4. Gravel-rich systems (Gravel > Sand). 
Depositional forms of coarse-grained systems exhibit a steeper slope-gradient, 
with fan-morphologies more radial than lobate, due to the inefficiency of turbidity 
currents to carry coarse-grained particles extended distances. Successive deposition 
of coarse particles at the canyon terminus results in aggradation of massive sands, 
progressively building into suprafan lobes on the mid-fan, characteristic of sand-
dominated submarine-fans (Normark, 1970; Walker, 1978; Reading and Richards, 
1994). A steep slope and minor proportion of fine-grained particles will result in a 
lack of well-developed channel-levees, inhibiting channel development in the upper 
fan. Instead low-sinuosity channels that avulse regularly or braided-channel systems 
persist, preventing formation of outer fan depositional lobes.  
 
The depositional systems of fine-grained systems demonstrate lower slope-
gradients, with a larger volumetric depositional size, particularly in down-current 
length. Submarine-fan morphologies tend to be more elongate to radial, with 
increased sand proportions decreasing lateral length. The fan channels and channel-
levee systems of the mid-fan are more persistent and well developed in fine-grained 
systems, with channels tending to meander, with less frequent avulsions. The lower 
fan depositional lobes are well developed in mud, and mud/sand-rich systems, 
dominated by sheet-like turbidites of the upper Bouma divisions, interbedded with 
hemipelagic clays.  
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Reading and Richards (1994) also describe three different sediment feeder 
systems, which each grain-size turbidite system may be deposited via, resulting in 
characteristic depositional morphologies: 
1. Point-source feeder system – producing submarine fan deposits; 
2. Multiple-source feeder system – producing ramp deposits; 
3. Linear-source feeder system – producing apron deposits. 
The major control on these feeder-systems is the gradient of the continental 
slope, and is generally related to the tectonic setting of the depositional system. 
Passive margins usually exhibit low gradient and highly elongate seaward slopes, 
while active convergent margins exhibit steeper, less laterally extensive slopes to the 
abyssal basin plain (Readings and Richards, 1994). The system variables described 
by Reading and Richards (1994) emphasize the large variability in depositional 
forms of turbidite systems, which are closely related to the particular tectonic and 
palaeogeographical settings of deposition. Other studies have also implicated the 
significance of deep-marine depositional settings on formation of idealized fan 
morphologies, specifically the architecture of the receiving sedimentary basin in 
tectonically active zones, which will be discussed in Section 2.3.2 (Moore & Karig, 
1976; van der Lingen & Pettinga, 1980; Crook, 1987; Mutti & Normark, 1987).   
 
2.4 SUBMARINE-FAN FACIES MODELS 
Mutti and Ricchi Lucchi (1972) were some of the earliest workers to construct 
and apply an idealized facies model to analysis of ancient turbidite outcrops.  Based 
on sedimentary and stratigraphic characteristics observed in protruding deltaic facies 
models, Mutti and Ricchi Lucchi (1972) proposed graded sequences of ancient 
turbidite sequences to represent architectural elements of progrodational submarine-
fan depositional systems. The facies scheme was based on the existence of two types 
of turbiditic successions observed in outcrop; a thickening upwards succession, 
inferred to represent deposition by a prograding submarine-fan lobe; and a thinning-
upwards succession, inferred to represent the channel-fill of an abandoned upper-fan 
channel.  Mutti and Ricchi Lucchi (1972) described seven lithofacies, annotated A, 
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B, C, D, E, F and G and summarized in Table 2.1 below. Other authors contributed 
to development of models for idealized deep-marine stratigraphic sequences, with 
similar lithofacies and facies association classifications (Nelson et al., 1976; Mutti, 
1977; Normark, 1978; Walker, 1978; Bouma, 1985; Pickering et al., 1989; Walker, 
1992; Reading and Richards, 1994; Shanmugam et al., 1995; Richards and Bowman, 
1998). The original classification put forward by Mutti and Ricchi Lucchi (1972) 
remains the most recognized and widely used turbidite system facies model today. 
Table 2.1 Turbidite Facies Classifications of Mutti and Ricchi Lucchi (1972). Facies are typically 
interpreted in the context of processes related to deposition onto submarine-fan morphological 
components 
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2.5 SUBMARINE-FAN DEPOSITIONAL SETTINGS AND SEDIMENTARY 
BASINS 
Turbidite systems occur offshore of both passive and active tectonic margins. 
The tectonic setting of the system influences both the sedimentary input, and the 
receiving sedimentary basin in which sediments accumulate. As described in the 
previous section, ideally, turbidity currents will deposit in oceanic basins, funnelled 
from the shelf-canyon terminus onto the deep-sea plain, producing radial fan 
morphologies with progradational deposits (Normark, 1970). This idealized process 
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and depositional form is characteristic of passive margin settings. Sediment input at 
passive margins generally comprises terrigenous material, supplied by continental 
fluvio-deltaic systems that feed directly into submarine canyon-fan systems (e.g. The 
Mississippi Submarine Fan; (Bouma et al., 1989; Weimer, 1989; 1990). Periodic 
gravity flow-events at passive margins are influenced predominantly by continental 
storm events and eustatic sea-level changes (Mutti, 1985; Bouma et al., 1989).  
Conversely, turbidite systems operating offshore of active tectonic margins do 
not typically conform to the idealized submarine-fan models (Normark, 1970), due to 
syn-depositional effects of active tectonism (Moore and Karig, 1976). Turbidite 
systems of tectonically active regions primarily comprise volcaniclastic sediments 
supplied from steepened coeval magmatic arcs, and recycled sediments of uplifted 
basement rocks from the deformation front of subduction zones (Moore, 1979; 
Dickinson, 1982). Frequency and intensity of gravity-driven flows at active margins 
are influenced by seismicity and tectonically related motions (Piper et al., 1999; 
McAdoo et al., 2004; Volker et al., 2006). The modern subduction zone between the 
Nazca and South American Plates offshore of Peru-Chile, demonstrates the influence 
of active convergance on sedimentary pathways and distribution patterns (Volker et 
al., 2006). Here, turbidity currents sourced from the uplifted magmatic arc of the 
Andes are funnelled through several deeply-incised submarine canyons, before 
reaching the sea-floor of the Peru-Chile Trench. Within the trench, a portion of 
sediment flows are deflected axially sub-parallel to the margin, confined by the 
geomorphology of the subduction trench. Active tectonism significantly influences 
the basin architecture in which the sediments accumulate, and syn-sedimentary 
deformation of the inner-trench slope may be reflected in stratigraphic architectures. 
Axial deflection of down-going density currents at structurally deformed bathymetric 
boundaries of the continental slope are common in accretionary tectonic 
environments (Moore and Karig, 1976a; Underwood and Norville, 1986b; Booth et 
al., 2003; Toniolo et al., 2006; Covault and Romans, 2009). 
 
2.6 TECTONICALLY ACTIVE MARGINS: TRENCH-SLOPE AND 
INTRA-SLOPE BASINS 
Trench-slope basins are formed by deformation of the overriding tectonic plate, 
wherein sediments of gravity-driven flows accumulate between structural ridges or 
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fault scarps, atop constructional accretionary prisms on the lower-trench slope 
(Figure 2.6; (Moore and Karig, 1976b; Underwood and Moore, 1995b; Bailleul et al., 
2007). The deformed accretionary prism comprises bathymetric highs, produced by 
thrust faulting and folding within the underlying accretionary complex, resulting in 
generally narrow, elongate basins, axially oriented to the trench margin (Moore and 
Karig, 1976b; Bouma et al., 1978). Trench-slope basins commonly measure widths 
of 5 to 30 km, which is dependent on spacing of thrust sheets, (Lewis, 1980; Davey 
et al., 1986; Bailleul et al., 2007). Basin geometry is generally asymmetrical due to 
the dip of thrust faults that are angled landward, and are therefore typically 
characterised by gently dipping, asymmetric basin fill sequences, which are 
relatively undeformed in comparison to the underlying or adjacent older sequences 
(Moore and Karig, 1976b; George, 1992).  Intra-slope basins are similar to trench-
slope basins, in which sediment-density flows become ponded in depressions behind 
salt or shale diapirs, or normal growth faults (Bouma et al., 1978; Shultz and 
Hubbard, 2005). Intraslope basins are differentiated from trench-slope basins in that 
they may form along mature rifted margins or convergent margins, whereas trench-
slope basins are unique to subduction zones, associated with thrust fault sheets of the 
accretionary prism.  
 
Figure 2-6 Geomorphology of an accretionary complex in a subduction zone with a trench-slope basin 
produced between structural ridges of the deforming overriding plate (Underwood and Moore, 1995). 
 
Sedimentation in trench-slope and intra-slope basins occurs via the same 
processes that occur under passive margin settings; including turbidity currents, 
debris flows, slides and slumps. The architecture of deposits in these environments is 
directly influenced by the geometry and evolution of the syn-depositional structural 
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basin (Underwood and Norville, 1986b; George, 1992; Bailleul et al., 2007). 
Theoretically, full submarine fan sequences complete with distributary channels and 
depositional lobes could occur in these basins if there is a significant source of 
terrigenous influx. However, these have yet to be documented in a complete 
sequence within any ancient or modern deposits (Moore and Karig, 1976b; 
Underwood and Norville, 1986b; Pickering et al., 1989; Underwood and Moore, 
1995b; Bailleul et al., 2007). Instead, confined basins of the shelf-slope generally 
contain sheet-like turbidite ramps, which resemble basin plain-type turbidite systems 
(Underwood and Moore, 1995; Shultz and Hubbard, 2005). Such depositional forms 
indicate sedimentation from unchannelized turbidity currents, laterally constricted by 
basin architecture, which hinders the formation of complete, radial submarine fan 
systems (Underwood and Moore, 1995).  
 
At active subduction margins, accretionary complexes may comprise multiple 
elongate trench-slope basins, formed between progressive thrust-sheets of the 
deformation front. Turbidity currents and other gravity-driven flows may become 
preferentially ponded in upper-slope trench-slope basins, resulting in a decreasing 
sediment input down-slope to the subduction trench (Bailleul et al., 2007). Upper-
slope  basins,  referred  to  as  “mature  basins”  (Underwood  and  Moore,  1995),  tend  to  
accumulate coarser-grained deposits and are more likely to comprise turbidite 
systems with idealized submarine-fan morphologies. However, as sandy turbidity 
currents flow into a mature upper-slope basin, sediment-fluid mixtures often rebound 
from the confining basin wall to be deflected axially, while finer-grained sediments 
continue in suspension over the structural basin boundary. This can result in a 
general absence of mud-dominated turbidite beds in upper-slope mature basins  
(Figure 2.7; Underwood and Bachman, 1982; George, 1992). Basins lower on the 
slope   are   considered   as   “immature   basins”   and   receive   sedimentary   input   of   only  
finer-grained material, which has been carried in suspension over the bathymetric 
boundaries of more mature slope-basins. Sedimentary infill of immature basins 
therefore comprises very fine sands, silts and hemipelagic muds, and receives local 
clastic input of slides, slumps, and debris flows, derived from the bounding structural 
ridges (Underwood and Moore, 1995; Bailleul, et al., 2013). 
 36 Chapter 2: The Deep-Marine Depositional Environment 
 
Figure 2-7 Schematic block diagram of a submarine-fan depositional model within a trench-slope 
basin. Turbidity currents are deflected axially and finer sediments are carried further down the slope 
(George, 1992). 
 
2.7 TURBIDITES IN OUTCROP 
There are several consistent characteristics that may enable identification of 
ancient turbidite deposits in outcrop. A readily distinguishable large-scale feature of 
turbidite outcrops is the presence of monotonous interbeds of sandstone and 
mudstone, with individual units generally measuring on the metre scale (Walker, 
1992). Discrete units of these successions specifically comprise normally graded 
sequences with an upwards pattern of sedimentary structures, and which have been 
defined as the Bouma sequence (Figure 2.2). Beds of turbidite sequences tend to 
have sharp, flat bases, and generally do not exhibit erosional bases that measure more 
than a few tens of centimetres. This indicates that the sediments were deposited on 
the flat seafloor and were not channelized deposits. The soles of sharp-based 
turbidite beds also frequently display abundant markings of small-scale erosional 
features, known as sole marks, which can be very useful for interpreting paleo-flow 
directions (Allen, 1991). 
There are two main processes which lead to the formation of these erosional 
features; turbulent eddies and traction of physical objects. Scour marks are produced 
by turbulent eddies in a flow, which erodes into the underlying sediments and creates 
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distinctive asymmetric erosional marks referred to as flute casts. These asymmetric 
structures taper in the direction of flow and therefore make very useful paleo-flow 
indicators. Rigid objects carving into the underlying sediment as the forward 
movement of the current drags them produce bi-directional tool marks. These 
markings do not constrain a precise paleo-flow direction; however they can indicate 
a longitudinal flow direction. Sole marks are generally preserved as casts on the base 
of an overlying turbidite bed, as sediment from a successive turbidity current was 
deposited over the feature, leaving them on a bedding plane between the subsequent 
flows.  
Ichnofossils or trace fossils are also commonly found on the base of turbidite 
beds. These are impressions created by an organism, such as remnant trails and 
burrows that have been infilled by the overlaying substrate and preserved as a cast, in 
the same way that scour and tool marks are preserved. The distribution and 
abundance of ichnofossils in deep marine settings is primarily controlled by the 
interaction of depositional energy, sedimentation rate, sediment substrate and bottom 
water oxygenation, and therefore examination of these fossils is helpful in defining 
depositional environments of turbidites (Bromley, 1996).  
2.8 ICHNOLOGICAL ANALYSIS OF DEEP-MARINE DEPOSITIONAL 
ENVIRONMENTS AND TURBIDITE DEPOSITS 
Ichnology involves the study of biogenic traces produced on, or within the 
substrate and includes all processes related to bioturbation, bioerosion and 
biodeposition (Pemberton et al., 1992; Bromley, 1996; Buatois and Mángano, 2011). 
It is a science which links palaeontology and sedimentology and allows an integrated 
approach to the understanding and interpretations of depositional settings, organism 
behaviour and palaeogeographical reconstructions (Buatois and Mángano, 2011). 
Trace fossils are particularly useful in palaeoenvironmental reconstructions of 
ancient outcrop sequences as they represent in situ records of biogenic activity, 
which reflect particular environmental conditions present during sedimentation of a 
stratigraphic succession (Seilacher, 1953; 1962; Buatois and Mángano, 2011).  
 
The classification of ichnofossils and use in sedimentary and environmental 
interpretations was introduced by Seilacher (1953), who constructed an ethological 
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classification scheme for trace fossils. The ethological classification of Seilacher 
(1953) distinguished ichnofossils based on behavioural modes of the trace-making 
organism. The major ichnofaunal ethological classes include: 
 Domichnia – dwelling traces; created by burrowing organisms, these are 
most typically vertical burrows and represent higher-energy environments 
 Fodichnia – feeding traces; these are often branching type fossils and 
indicate medium energy environmental conditions 
 Repichnia – crawling and locomotive traces; often meandering tracks 
produced by an organism as it moves across a substrate, these indicate an 
environment with medium energy conditions 
 Paschichnia – grazing traces; mostly horizontal burrows of organisms 
burrowing on the surface of the substrate, these indicate lower energy 
settings 
 Agrichnia – farming traces; complex, meandering and often geometric 
patterned burrows referred   to   as   ‘graphoglyptids’   (Uchman,   2003),  
produced by deposit feeding organisms in low energy, stable environments 
Other ethological classifications have been included in this scheme; however those 
described above are the most commonly referred to and are relevant to this study. As 
well as an ethological classification scheme, trace fossils have been classified 
taxonomically, although only to the hierarchal level of ichnogenus and ichnospecies 
(Gingras, 2009). The taxonomy of trace fossils refers to morphological 
characteristics of individual trace fossils that have repeatedly been observed and 
subsequently defined by distinctive features (Ekdale et al., 1984; Bromley, 1990; 
Pemberton et al., 1992; Buatois and Mángano, 2011). Another classification scheme 
used in ichnology is related to the preservation of trace fossils relative to the 
substrate. Based on the relationship to the surrounding sediment, ichnofossils may be 
distinguished as: 
 exogenic - on the sediment surface  
 endogenic - within the sediment itself 
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Where they may be preserved in full relief, semi-relief, epi-relief (on the upper 
surface) or hypo-relief (on the lower surface) (Ekdale et al., 1984; Bromley, 
1990; Pemberton et al., 1992; Buatois and Mángano, 2011). 
 
Generally, ichnology involves using a combination of these classification 
schemes, analysed together in the same way lithological and sedimentary 
characteristics are combined in lithofacies analysis. These associations between 
ichnofaunal characteristics and classifications are referred to as ichnofacies. 
Ichnofacies models were first described by (Seilacher, 1953; 1962), and which 
became the foundation of conceptual and theoretical paradigms for ichnofacies 
associations as they are currently known and applied to environmental interpretations 
(Seilacher, 1953; 1962; Buatois and Mángano, 2011). The archetypal facies 
described by Seilacher (1953, 1962) were distinguished by key morphological and 
ethological features shared by a group of biogenic structures, that represent a wide 
age range of organisms thriving under the same environmental conditions (Seilacher, 
1953; 1962; Ekdale et al., 1984; Pemberton et al., 1992; Bromley, 1996). 
 
 Figure 2-8 Archetypal marine ichnofacies and key ichnogenera within each association; 
(Seilacher, 1953; 1962; Ekdale et al., 1984) 
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The archetypal ichnofacies classification of Seilacher (1953; 1964) were 
originally constructed and interpreted as indicators of paleobathymetric marine 
settings (Figure 2.8). However, research has since outlined that the associations 
between ichnofossils are primarily reflective of a particular set of environmental 
conditions that happen to vary with depth, rather than being a direct indicator of 
water depth itself (Crimes, 1970; Ekdale et al., 1984; Pemberton et al., 1992; 
Bromley, 1996; Uchman, 1998; Bromley and Uchman, 1999; Seilacher, 2007; 
Buatois and Mángano, 2011). The major environmental conditions that control the 
occurrence of particular trace-makers and their relative abundances are directly and 
indirectly related to water-depth; including oxygenation levels, nutrient supply, 
substrate lithology, sedimentation rates, and hydrodynamic energy of the submarine 
system (Pemberton et al., 1992; Bromley, 1996). As these conditions vary 
predictably with water depth, the archetypal facies are still widely used a proxy for 
bathymetric depositional settings e.g. (Bromley, 1996; Shultz and Hubbard, 2005; 
Kane et al., 2007; Heard and Pickering, 2008; Hubbard and Shultz, 2008; Buatois 
and Mángano, 2011; Callow et al., 2012).  
 
There are eight marine archetypal ichnofacies which are commonly used for 
classification of trace fossil assemblages: Trypanites, Teredolites, Glossifungites, 
Psilonichnus, Skolithos, Cruziana, Zoophycos, and Nereites ichnofacies (Figure 2.8) 
(Seilacher, 1953; 1967; Ekdale et al., 1984).  These eight classes are distinguished 
based on the sediment substrate in which they reside, being softground, firmground, 
woodground, or hardground (Pemberton et al., 1992; Bromley, 1996). Three 
ichnofacies classifications are restricted to certain substrate media (Figure 2.8);  
1. Trypanites - characteristic of hardground media, such as rocky coasts;  
2. Glossifungites – characteristic of firmground media, such as dewatered, 
unlithified sediments; and,  
3. Teredolites – characteristic of woodground, including wood logs, peat and 
coal. 
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The remaining five ichnofacies are characteristic of softground substrates and 
generally typify the bathymetric profile from the sublittoral zone to the abyssal plain, 
as originally suggested by Seilacher (1967) (Figure 2.8): 
4. Psilonichnus -  interpreted to represent a relatively unique environment, of 
transitional zone between the continental and marine realm, with generally 
low energy environmental conditions 
5. Skolithos - interpreted to represent high-energy systems of the coastal 
shelf, generally above fair weather base  
6. Cruziana - generally represent shallow water communities which occur on 
the off-shore shelf in the sublittoral zone, down to mid-bathyal depths of 
the continental slope  
7. Zoophycos – characteristic of quiet water conditions on the bathyal slope, 
below storm base and often indicative of low oxygen levels  
8. Nereites - characteristic deeper-water communities which inhabit the 
bathyal zone to abyssal depths, indicative of well-oxygenated bottom 
waters with dominant hemipelagic settling sedimentation. Nereites are 
typical of deep-marine turbidite deposits (Uchman, 1995; 1998; 2001; 
Shultz and Hubbard, 2005; Kane et al., 2007; Heard and Pickering, 2008; 
Hubbard and Shultz, 2008; Knaust, 2009; Phillips et al., 2011) 
 
Although the marine softground facies classifications are taken to be 
characteristic of particular settings on the continental slope, complex processes of the 
deep-marine depositional environment often disrupt this typical profile, and 
paleoenvironmental interpretations of deep-marine ichnofacies also becomes more 
complex (e.g. (Crimes, 1977; Uchman, 1995; 1998; Bromley and Uchman, 1999; 
Uchman, 2001; Shultz and Hubbard, 2005; Kane et al., 2007; Heard and Pickering, 
2008; Hubbard and Shultz, 2008; Knaust, 2009; Phillips et al., 2011; Callow et al., 
2012). Specifically, classification and interpretation of ichnofossils and ichnofaunal 
assemblages in turbidite deposits can be complex due to the inherent variations in 
depositional  settings  of  “event”  deposits.  Turbidity  currents  and  other gravity-driven 
sediment flows represent periodic, and often catastrophic, variations from the 
normal, equilibrium deep-marine environmental conditions. The effects of significant 
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environmental shifts by gravity-driven currents can overprint onto the typical 
background community ichnofabric, resulting in a complex ichnofaunal assemblage 
within discrete turbidite deposits (Crimes 1977; Seilacher, 1981; Ekdale and 
Bromley et al. 1984; Bromley 1990; Burton and Link, 1991; Wetzel 1991; Bromley 
1996; Uchman 1998; Bromley and Uchman 1999; Kane et al. 2007).  
 
Submarine gravity-driven processes may carry opportunisitic fauna from 
shallow-marine envrironments into deeper-marine settings, which can overprint onto 
equilibrium ichnofabrics and result in cross over between shallow- and deep-marine 
ichnofacies (Föllmi and Grimm, 1990; Heard and Pickering, 2008; Kane et al., 
2007). For example, the background equilibrium may comprise of Nereites and 
Zoophycos, indicating relatively quiet low-energy conditions. The presence of 
shallow water fossils such as Skolithos and Cruziana in sandstone intervals indicates 
introduction of the trace-making organism into the normally quiet-water environment 
by higher-energy flows of turbidity currents. In this case, both pre- and post-turbidite 
ichnofossil suites can generally be distinguished, occurring in particular tiering 
patterns within Bouma Sequences, and are dependent on lithology of the substrate, 
frequency of sedimentation, and oxygen and nutirent concentrations supplied by the 
sediment-feeder system (Seilacher,   1981;;  Werner   and  Wetzel,   1982;;   Leszczyński,  
1991; Wetzel and Uchman, 2001; Shulz and Hubbard, 2005).  
 
There have been several detailed studies on trace-fossil assemblages in deep-
marine fan-related environments (Crimes, 1977; Crimes et al., 1981; Uchman, 1995; 
1998; Bromley and Uchman, 1999; Uchman and Demircan, 1999). Results from 
these studies has shown that the distribution of trace fossils on the continental slope 
and ocean basin settings is strongly controlled by proximity of deposits to fan feeder 
system or channel-margin (Kane et al., 2007; Heard and Pickering, 2008; Callow et 
al., 2012). For example, proximal and distal turbidite deposits can be distinguished 
and distance from channel can be inferred based on fossil abundance and ethological 
modes of particular trace-making organisms (Crimes, 1970; 1973; Crimes and 
Crossley, 1980; Bromley, 1990; Wetzel, 1991; 2008). With increasing proximity to a 
sediment feeder-channel in a submarine depositional system, ichnofacies associations 
demonstrate a similar profile to what the bathymetric classifications of Seilacher 
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(1967; Figure 2.8).  That   is,   “shallow  water”   ichnofacies  of  Skolithos and Cruziana 
are found closer to a sediment-feeder channel margin, where sedimentation rates are 
high, and oxygen and nutrients are readily supplied (Heard and Pickering, 2008; 
Phillips et al., 2011; Callow et al., 2012). Zoophycos are found in medial to distal 
localities and indicate decreasing energy levels with distance from source, and 
Nereites ichnofacies are typically seen as diagnostic indicators of distal basin-plain 
environments, uninterrupted by sedimentation and environmental fluctuations 
associated with an active submarine feeder-channel (Crimes and Crossley, 1980; 
Ekdale et al., 1984; Wetzel, 1991; Uchman, 1995; Uchman and Demircan, 1999; 
Uchman, 2001; Heard and Pickering, 2008; Wetzel, 2008; Phillips et al., 2011; 
Callow et al., 2012). Most importantly, associations between ichnofaunal 
assemblages and ichnofacies can be used to interpret the particular environmental 
conditions that existed during the trace-makers occupation of the strata in which they 
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Chapter 3: Previous Work 
3.1 GEOLOGICAL BACKGROUND 
 
3.1.1 Tectonic Setting – The Hikurangi Margin 
The  eastern  margin  of  New  Zealand’s  North  Island  has  been  heavily  influenced  
by convergent tectonism occurring offshore at the Hikurangi margin since earliest 
Miocene ca. 25 Ma (Sporli, 1980; Pettinga, 1982; Davey et al., 1986; Kamp, 1986; 
1987; Chanier and Ferriere, 1991; Rait et al., 1991; Ballance, 1993; Sutherland, 
1999; King, 2000; Bailleul et al., 2007; Bailleul et al., 2013). Located on the 
southeast coast of the North Island, the Wairarapa region represents part of the 
onland exposure of the Neogene Hikurangi forearc and subduction complex, which 
has been uplifted in several deformation stages since early Miocene, exposing 
sequences of turbidite-filled mature trench-slope basins (Figure 3.1, 3.2; (Pettinga, 
1982; Davey et al., 1986; Chanier and Ferriere, 1991; Rait et al., 1991; Neef, 1992; 
Pemberton et al., 1992; Ballance, 1993; Neef, 1995; 1997; 1999; Bailleul et al., 
2007; Bailleul et al., 2013). Wairarapa lies approximately 120 km northwest of the 
Hikurangi convergent margin, where active oblique-westward subduction is 
accommodated between the Australian and Pacific Plates at the southern end of the 
Tonga-Kermadec subduction zone (Fig. 3.1 (Moores and Twiss, 1995; Neef, 1999; 
Lee and Begg, 2002).  
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Figure 3-1A. Tectonic setting of New Zealand highlighting the major tectonic plate boundaries; B) 
Major subduction related features of the North Island association with westward subduction at the 
Hikurangi Margin. Wairarapa study region is shown in box (In: Bailleul et al., 2007) 
 
The Pacific-Australian plate boundary began propagation through New 
Zealand during the mid-Eocene and has since become a complex evolving tectonic 
margin between the North and South Islands (Carter and Norris, 1976; Kamp, 1986; 
Sutherland, 1995; King, 2000; Wood and Stagpole, 2007). Initiating south of New 
Zealand, a proto-plate boundary began forming approximately 40 Ma., when 
extensional forces related to sea-floor spreading in the Tasman Sea produced north-
south and northeast-southwest lineated rift basins that traversed northwards through 
the west coast of the South Island (Carter and Norris, 1976; Kamp, 1986; King, 
2000; Sutherland, 1995). This was the first phase of plate-boundary development, 
active from middle Eocene through the Oligocene (Carter and Norris, 1976; Kamp, 
1986; King, 2000). The second phase, which developed the modern Pacific-
Australian plate boundary with its current kinematic vectors, then commenced in 
earliest Miocene approximately 25 Ma, as westward subduction of the Pacific Plate 
initiated off the northeast coast of the North Island at the Hikurangi Subduction 
Zone.  
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With the onset of subduction in the northeast exhibiting increasingly 
southwest-directed oblique convergence, the extensional regime active in the south 
subsequently evolved into oblique convergence and strike-slip movement that 
propagated northeast towards the Hikurangi subduction margin (Kamp, 1986; King, 
2000; Wood and Stagpole, 2007). Westward-oblique subduction of the Pacific Plate 
was contemporaneous with the development of a new rift zone at ca. 24 Ma between 
Australia and Antarctica, which increased the oblique compressional strain directed 
from the south (King, 2000). By early Miocene ca. 23 Ma, the North and South 
obliquely-convergent plate-boundary elements had merged, producing the transform 
Alpine Fault, which accommodated the transpressional strain directed from the 
northeast and southwest (Figure 3.2) (Kamp, 1986; King, 2000; Wood and Stagpole, 
2007).  
 
The present-day plate boundary follows this configuration, with dextral 
movement along the Alpine Fault linking the westward oblique subduction at the 
Hikurangi Trench with the northeast-directed subduction active offshore of the South 
Island at the Puysegur Trench (Figure 3.1). Subduction at the Puysegur Trench is 
reported to have been active by ca. 7 Ma (Davey et al., 1986; Wood and Stagpoole, 
2007). Between these obliquely convergent subduction zones are regions of 
anomalously thick lithosphere. The leading edge of Pacific Plate is characterized by 
submerged continental crust of the Chatham Rise and thickened oceanic crust of the 
Hikurangi Plateau large igneous province. The Australian Plate comprises 
submerged continental crust of the Challenger Plateau, which immediately 
juxtaposes the thickened crust of the Pacific Plate at the Pacific-Australian Plate 
boundary, running directly through the New Zealand landmass (Figure 3.2; Ballieul 
et al. 2013; Wood and Stagpole, 2007). It has been suggested that the ongoing 
collision of these irregularly thick crustal zones since ca. 25 Ma, under oblique 
northeast-southwest trending transpressional and subduction forces, has resulted in 
the uplift and exposure of the Southern Alps on the South Island (Norris et al., 1990) 
and the Eastern Ranges and deformed eastern margin on the North Island including 
the Wairarapa Region (Bailleul at al., 2007; Neef, 1999). 
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Figure 3-2 Tectonic and palaeogeographical reconstruction of the New Zealand landmass since 40 
Ma. to present day showing evolution of Hikurangi subduction margin (in (Wood and Stagpoole, 
2007). Grey shaded area shows fragments of present day continental landmass morphology. Yellow 
indicates areas of erosion and green shows areas of onshore sedimentation sensu Wood and Stagpole 
(2007). The grey outlined area shows raised submerged lithosphere of the Chatham Rise, Challenger 
Plateau and Hikurangi Plateau  
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Subduction at the Hikurangi Margin reflects a major shift in tectonic regime 
between the Australian and Pacific plates, which commenced at the beginning of the 
Miocene (New Zealand Waitakian Stage). During the Late Cretaceous through to the 
end of the Oligocene (ca. 90-25 Ma), New Zealand lay on a passive margin after 
rifting from Gondwanaland with the opening of the Tasman Sea (Balance, 1993; 
Neef 1999). By the end of the Oligocene, a significant change to convergence began 
to evolve across the Pacific-Australia plate boundary. The initiation of subduction at 
the Hikurangi Margin at ca. 25 Ma marks the beginning of this tectonic shift. The 
age of the onset of subduction at 25 Ma has been inferred from several observations 
on   New   Zealand’s   North   Island,   with   distinctive   changes   in   the   style   of  
sedimentation, volcanic activity, and widespread structural deformation, all 
coinciding at the Oligocene-Miocene boundary (Johnston, 1980; Pettinga, 1982; 
Davey et al., 1986; Chanier and Ferriere, 1991; Rait et al., 1991; Ballance, 1993; 
Field et al., 1997; Lee and Begg, 2002). From the Late-Cretaceous through the 
Palaeogene (ca. 90-25 Ma) during the passive tectonic regime, most of the New 
Zealand Landmass was submerged (Figure 3.2). During this tectonically passive 
phase along the Australian-Pacific plate boundary, pelagic sedimentation dominated 
the   east   coast   of   the  North   Island,  depositing  marls   and  pelagic   limestone’s (King, 
2000; Bailleul et al., 2007).  
 
Following the passive margin era, a shift in tectonic regime was marked across 
the  east  coast  of  New  Zealand’s  North   Island  by  a  period  of   intense  compressional  
deformation, active during the earliest Miocene (25-19 Ma), and which was 
responsible for the stacking of thrust sheets now exposed in the Coastal Ranges 
(Sporli, 1980; Davey et al., 1986; Chanier and Ferriere, 1991; Rait et al., 1991; 
Bailleul et al., 2013).  Coinciding with this contractional deformation was an abrupt 
change in depositional environments along the eastern Wairarapa coast. 
Sedimentation rates dramatically increased  in the earliest Miocene, associated with 
tectonic uplift of the New Zealand continental block, and seaward thrusting along 
major faults of the accretionary prism (Chanier and Ferriere, 1991; Ballance, 1993; 
Bailleul et al., 2007; Bailleul et al., 2013). Increased relief resulting from the 
compressional tectonic deformation exposed previously submerged Cretaceous - 
Palaeogene basement rocks, supplying increased clastic input into the submarine 
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depositional environment (Pettinga, 1982; Chanier and Ferriere, 1991; Rait et al., 
1991; Ballance, 1993; Korsch et al., 1993; Neef, 1999; Bailleul et al., 2007; Bailleul 
et al., 2013). With this major shift in tectonic activity, gravity-driven mass-flow 
processes became dominant, depositing olistostromes and turbidites where low-
energy pelagic sedimentation of the Eocene-Oligocene period had previously been 
dominant along the eastern Wairarapa Coast (Bailleul et al. 2007; Chanier and 
Ferrier, 1991; Hayward et al., 1989; van der Lingen, 1982). Calc-alkaline volcanism 
began in the north-eastern North Island ca. 21-22Ma, and is also interpreted to 
indicate timing of the onset of subduction, as the Pacific Plate began descending 
westwards beneath the overriding continental crust of New Zealand commencing 
development of the Taupo Volcanic Arc of the North Island (Chanier and Ferriere, 
1991; Rait et al., 1991; Ballance, 1993). 
 
With the onset of subduction at the Hikurangi Margin came a period of intense 
compressional strain and deformation of the North Island of New Zealand, initiating 
the Kaikoura Orogeny in the earliest Miocene (Chanier and Ferrier, 1991; Kamp; 
1987; Neef, 1992; Neef, 1999; Rait et al., 1991; Sporli, 1980).  This contractional 
episode also saw the incipient growth of the Neogene Hikurangi subduction 
complex, forming off-shore the east coast of New Zealand. Oblique-westward 
subduction and compressional deformation are still active at the Hikurangi Margin to 
this day. However, studies have determined that this has not been a continual process 
over the last 25 Ma since the onset of subduction (Sporli, 1980; Davey et al., 1986; 
Chanier and Ferriere, 1991; Rait et al., 1991; Bailleul et al., 2013). Rather, a 
succession of three different tectonic periods existed at the Hikurangi Margin, 
influencing the structural deformation and evolution of the Hikurangi Subduction 
Complex. The initial stage (ca. 25-19 Ma) of compressional strain and deformation 
that was responsible for initial development of the Neogene subduction complex, 
was succeeded by a period of widespread subsidence of the forearc domain, normal 
faulting and syn-sedimentary gravitational collapse, which has been attributed to 
tectonic erosion at the subduction margin at ca. 15-5Ma (Baillieul et al., 2007, 2013; 
Chanier et al., 1999). The third stage, which remains active today (ca. <10 Ma), is 
characterized by the renewal of compressional deformation with an increased 
transpressional strain caused by the oblique-convergence at the subduction margin 
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(Chanier and Ferriere, 1991; Rait et al., 1991; Beanland et al., 1998; Nicol and 
Beavan, 2003; Bailleul et al., 2013). This renewed tectonic regime resulted in intense 
folding and thrust faulting throughout the late Neogene and Quaternary, and 
ultimately led to the uplift of part of the Neogene subduction complex during the late 
Quaternary (Beanland et al., 1998; Bailleul et al., 2013). 
 
The Wairarapa Region 
Parts of the uplifted Hikurangi Subduction complex are now exposed as the 
Coastal Ranges of eastern North Island, New Zealand and are especially well 
represented in the northern Wairarapa Region (Sporli, 1980; Van Der Lingen and 
Pettinga, 1980; Davey et al., 1986; Chanier and Ferriere, 1991; Neef, 1997; 1999; 
Bailleul et al., 2007; Bailleul et al., 2013) . Several components of the greater 
Hikurangi forearc domain lie within the Wairarapa region, with four major 
morphological sub-environments of the active convergent margin distinguished from 
west to east (Figure 3.1 and 3.3)  
 the Axial Ranges, which correspond to a predominantly strike-slip fault 
belt;  
 the forearc basin, which is characterised by a longitudinal depression 
formed on the back of the subduction complex and oriented sub-parallel 
to the Hikurangi Trough;  
 the Neogene subduction complex, represented in most part by the Coastal 
Ranges, and which comprises the trench slope break and elongate axial 
slope basins with turbiditic infill, and;  
 the Wairarapa shelf and trench slope, which stretches from the coastline 
to the Hikurangi Trench off shore and comprises Miocene to Quaternary 
trench-slope basins with turbiditic sedimentary infill, deposited on the 
deformed accretionary prism ((Chanier and Ferriere, 1991; Bailleul et al., 
2007).  
The Coastal Ranges of eastern Wairarapa characterize the onland exposure of 
the deformed Neogene subduction complex, and comprise mature trench-slope 
basins with syn-tectonic sedimentary infill (Van Der Lingen and Pettinga, 1980; 
Davey et al., 1986; Chanier and Ferriere, 1991; Neef, 1997; 1999; Bailleul et al., 
2007; Bailleul et al., 2013). Here, thick successions of Miocene turbidites have been 
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observed in wide synclines that are typically oriented sub-parallel to the Hikurangi 
Margin, elongated in a north-northeast direction and bound by structural highs of the 
faulted and deformed Cretaceous basement (Figure 3.4; Bailleul et al., 2007, 2013). 
Turbidites of the Whakataki Formation have been observed sporadically throughout 
the Coastal Ranges and will be the focus of this research.  
 
 
Figure 3-3 General cross section of the Hikurangi Subduction Complex (TSB=Trench-slope Break). 
Transect a-b is seen in Figure 3.1 (In: [Bailleul et al., 2007]). 
 
 
 Several major NNE trending structural features characterize the eastern 
Wairarapa region, related to the dominantly NW-SE directed contractional stress 
associated with oblique subduction of the Pacific Plate since ca 25 Ma (Bailleul et 
al., 2013). The eastern limit of the Coastal Ranges is bound by two major thrust 
faults, the Tinui Fault Complex and the Whakataki Fault, which run sub-parallel to 
the modern coast line (Figure 3.4). The field site for this study is located to the east 
of both of these major thrust faults. Much of the compressional deformation has been 
renewed during the most recent contractional period of the Plio-Quaternary phase 
(Bailleul et al., 2013). 
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Figure 3-4 Major structural features across the Coastal Ranges as defined by Bailleul et al. (2013). 
Stress tensor directions are inferred to represent predominantly Plio-Quaternary deformation. Note the 
general NNE trend of structural features, sub-parallel to the coastline and field transect. 
 
3.1.2 Regional Stratigraphy of the Wairarapa Region 
The major stratigraphic units of the eastern shore of the Wairarapa region 
consist of basement Cretaceous rocks, Cretaceous and Palaeogene sedimentary 
cover, an overlay of deformed Neogene marine basin deposits and finally Quaternary 
deposits (Figure 3.5 (Vella, 1963; Jenkins, 1971; Vella and Briggs, 1971; Johnston, 
1980; Neef, 1995; Morgans et al., 1996; Crundwell, 1997; Field et al., 1997; Neef, 
1997; Sutherland, 1999; Lee and Begg, 2002; Mortimer, 2004; Bailleul et al., 2007)). 
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The Neogene marine sediments include the turbidite sequences of the Whakataki 
Formation that are the focus of this research. 
 
 
Figure 3-5 Stratigraphic column of major late Cretaceous-Quaternary sedimentary units in the 
Wairarapa study area, adapted from (Lee and Begg, 2002) 
 
 
(Lee and Begg, 2002), classify four major sedimentary units that occur in the 
Wairarapa region, which are distinguished by their age and structural history (Figure 
3.6). These are: 
1. Indurated and highly deformed Late Jurassic to Early Cretaceous 
basement rocks. 
2. Moderately indurated Early Cretaceous to Oligocene sedimentary rocks 
3. Miocene sedimentary rocks. 
4. Pliocene and Quaternary sediments. 
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Unit 1 – Cretaceous Basement 
The basement rocks in the Wairarapa area consist of the three sub-
tectonostratigraphic terranes of the Composite Torlesse Supergroup (Campbell and 
Coombs, 1966): the Rakaia, Pahau and Waioeke Terranes. The Waioeke Terrane is 
the dominant complex found on the eastern shore in Castlepoint with discontinuous 
units of the Pahaoa Group, a component of the larger sub-terrane of the Torlesse 
Group (Figure 3.6; Lee and Begg, 2002). These basement rocks are predominantly 
made up of volcaniclastic and quartzo-feldspathic sedimentary rocks that appear in 
sequences of often deformed, alternating well-bedded sandstone and mudstone with 
minor conglomerates observed locally (George, 1992; Lee and Begg, 2002). There is 
however no outcrop of these basement complexes within the limited field area and 
are only observed in the central and western regions of the Wairarapa geological 
area. 
 
Unit 2 – Palaeogene Sedimentary rocks 
In the field area, Mesozoic basement rocks are unconformably overlain by the 
late Cretaceous Glenburn Formation. The Glenburn Formation lithologies are 
dominantly alternating sandstone and mudstone with conglomerates that have been 
inferred to represent deposition by mass flow and turbidity currents on a submarine 
fan. The depositional environment was suggested to be bathyal, shallowing upward 
to inner shelf depths (Lee and Begg, 2002).  
Conformably overlying the Glenburn formation in the Wairarapa eastern shore 
is the Tinui Group, followed conformably by the Mangatu group. The Tinui Group 
consists of two formations in the Eastern Wairarapa region, the Whangai Formation, 
and the Waipawa Formation. The Mangatu Group also consists of two formations in 
the area, the Wanstead Formation and the Weber Formation. Generally all of these 
formations are dominated by marine mudstones being micaceous, siliceous, 
calcareous and sometimes carbonaceous. Glauconitic sandstones and greensand are 
also common (Neef, 1995; Lee and Begg, 2002). 
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3-6 Generalized geological map of the Wiararapa demonstrating major basement and sedimentary 
units. Adapted from:(Berryman et al., 2011) 
 
 
Unit 3 – Neogene Sedimentary Rocks 
During the early Neogene, much of the Wairarapa region was submerged, 
depositing marine shelf and bathyal sedimentary successions (Neef, 1992; Lee and 
Begg, 2002). On the eastern Wairarapa coast, the Miocene succession conformably 
overlies the Oligocene Mangatu Group succession.  A significant change in 
depositional style does however exist between the Palaeogene and Neogene units 
indicating a fundamental change in tectonic setting between these depositional 
periods (Pettinga, 1982; Neef, 1997). Early Miocene deposits display a coarsening of 
grain size and increase in sedimentation rate in contrast to the underlying clay-rich, 
Palaeogene Mangatu Group, which is inferred to be representative of the reactivation 
of westward subduction along the Hikurangi Margin at that time. Local tectonic 
events differentiate deposits of the Pliocene which display a greater lithological 
variance. Based on these variances, marine sedimentary rocks of the Miocene have 
been termed the Palliser Group described by (Lee and Begg, 2002) and those of the 
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Pliocene remain part of the Onoke Group as previously described by (Vella and 
Briggs, 1971). The formations and groups of the Palliser Group have previously been 
described with different nomenclature (Johnston, 1980; Neef, 1991; 1992; 1995; 
1997). In this research the most recent revision, the Palliser Group, is used. (Lee and 
Begg, 2002).  
 
Early Miocene rocks are not found in Western Wairarapa, however are 
extensive in the central and eastern areas (Lee and Begg, 2002). Within the field site 
in the Whakataki area, the deposits of earliest Miocene age consist of the Whakataki 
Formation (defined by (Johnston, 1980) which outcrops along much of the eastern 
coast, as well as some central areas. The Whakataki Formation is most commonly 
faulted against older rocks, however conformable relationships have been noted with 
the underlying pelagic marls and limestone’s of the Weber Formation of the 
Oligocene Mangatu Group (Johnston, 1980). The Whakataki Formation is 
distinguished by cyclic interbeds of graded sandstone and mudstone. Typical 
turbidite Bouma sequences dominate, with graded sandstone units and an abundance 
of rippled sandstone units. Channelized sandstones with basal conglomerates have 
also been noted in the coastal outcrop area, located to the south of the field site of 
this study (Edbrooke and Browne, 1996; Field, 2005). Minor occurrences of pebble-
conglomerates and bioclastic limestone have also been noted at inland outcrops in 
Pongoroa. Coherent units of the Whakataki Formation are intercalated with matrix-
supported polymict breccias in some exposures, which contain olistostrome deposits 
that are conformable with the enclosing unit (Lee and Begg, 2002; Neef, 1999). The 
matrix surrounding these olistostromes show a sheared fabric, mostly of dark 
mudstone and the olistolith clasts are considered to belong to the Mangatu and Tinui 
Groups (Lee and Begg, 2002; Field, 2005).  
Other formations of the Palliser Group include the early Miocene Takiritini 
Formation, undifferentiated Middle Miocene Palliser Group deposits that occur in 
central and eastern Wairarapa and undifferentiated Late Miocene Palliser Group 
deposits, predominantly distributed in central Wairarapa and comprising mostly 
marine, often calcareous mudstones with interbeds of sandstones (Figure 3.6; Neef, 
1999; Lee and Begg, 2002). 
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Unit 4 – Pliocene and Quaternary Sedimentary Rocks 
The Pliocene deposits within the Wairarapa consist of the Onoke Group which 
also includes some rocks of early Quaternary age. The top of the Onoke group is 
marked by a regressive marine phase with largely terrestrial and alluvial deposits 
being emplaced during very early Quaternary (Lee and Begg, 2002). The Castlepoint 
Formation which dominates much of the field area is a mid-to-outer shelf comprises 
deposits of Plio-Pleistocene coquina limestone (Habeck, 2008). 
Quaternary sediments are widespread throughout Wairarapa (Figure 3.6); 
however most of those preserved in the Eastern region particularly in the field area, 
are of Late Quaternary age and are spatially restricted. They mostly comprise alluvial 
deposits and some marginal marine sequences (Lee and Begg, 2002).  
 
3.2 THE WHAKATAKI FORMATION 
 
The Whakataki Formation is identified as a lower Miocene turbidite sequence 
(Field, 2005; Neef, 1992), also referred to as a flysch deposit (Bailleul et al., 2013; 
Balance, 1993; Chanier and Ferrier, 1991), and is observed outcropping in several 
areas of the Wairarapa region of the North Island, New Zealand. Previous studies 
involving this formation that are relevant to the current research include those by 
Johnston (1980), Neef (1992; 1995; 1997; 1999), Chanier and Ferrier (1991), 
Balance (1993), Edbrooke and Browne (1996), Lee and Begg (2002), Field (2005) 
and Bailleul et al., (2007, 2013). These studies formed a foundation for the 
delineation of a depositional model for the Miocene Whakataki Formation, as 
investigated by this study.  
3.2.1  Geology of the Whakataki Formation 
Originally mapped and defined by Johnston (1980) with a type section located 
near Tinui, approximately 10 km inland of Castlepoint, the Whakataki Formation has 
since been observed outcropping in several locations in central Wairarapa and along 
the eastern coastline in wave-cut platforms (Figure 1.1). The western-most section 
has been documented near Pongoroa (Ballieul et al., 2007; Neef, 1992; 1997; 1999), 
just east of the Waihoki Fault. Here, the section is incomplete with approximately 
700 m thickness observed in a 6 km long ENE belt (Neef, 1992; 1997). Other inland 
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outcrops have been noted to occur on the western-edge of the Tinui Fault complex 
(Figure 3.4; Bailleul, et al. 2007; Neef, 1995; Johnston, 175), from Mangapekeha in 
the south (Lee and Begg, 2002), to Branscombe in eastern-central Wairarapa 
(Bailluel et al., 2007). Coastal exposures have been observed in a discontinuous belt 
from Cape Turnagain to the Pahaoa River (Figure 1.1). Situated on the eastern-side 
of the Whakataki Fault, key outcrops have been examined at Akitio (Neef, 1992), 
Mataikona (Neef, 1992, 1995), Whakataki (Edbrooke and Browne, 1996; Field, 
2005) and Riversdale (Lee and Begg, 2002). There has been no complete section 
documented, however a coastal fault-bound sliver of the Whakataki Formation was 
recorded as up to 3000 m in total thickness (Johnston, 1980; Edbrooke and Browne, 
1996). West of the Tinui Fault complex, the Miocene Formation has been observed 
to conformably overlie Oligocene rocks of the Weber Formation (Johnston, 1980; 
Neef, 1995), however east of the fault complex, only unconformable basal contacts 
have been recorded with the Whakataki Formation, commonly faulted against 
Cretaceous and Oligocene rocks (Bailleul, 2007, 2013; Lee and Beg, 2002; Neef, 
1992, 1995). 
 
The Whakataki Formation has been defined as a thin bedded turbidite deposit 
(Field, 2005; Neef, 1992) and is distinguished in outcrop by sandstone and mudstone 
couplets, monotonously interbedded on the centimetre- to metre-scale (Edbrooke and 
Browne, 1996; Johnston, 1980; Lee and Begg, 2002; Neef, 1992). Individual units 
exhibit normal grading, where Bouma sequences are typically well developed 
(Johnston, 1980; Neef, 1992, 1995). Coarser basal sandstone beds of Ta-Tb intervals 
commonly include intraformational mud rip-up clasts and carbonaceous material, 
while rippled sandstone of the Tc interval commonly displays climbing ripples, 
carbonaceous laminations and local convolute bedding, particularly in thicker, well-
developed turbidite packages (Edbrooke and Browne, 1996; Neef, 1995). Lenticular 
bedding has been observed in some coastal outcrops, where sandstone beds are also 
largely calcite-cemented with common glauconitic grains (Neef, 1992). Basal 
contacts of discrete turbidite units are generally sharp and flat (Edbrooke and 
Browne, 1996; Field, 2005) and infrequent sole marks have been identified on basal 
surfaces in both inland and coastal outcrops; including flute casts, groove casts, and 
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tool marks (Edbrooke and Browne, 1996; Lee and Begg, 2002; Neef, 1992, 1995, 
1997, 1999).  
 
Chaotic olistostrome deposits are also a distinctive characteristic of the 
Whakataki Formation, observed in central and coastal sections (Johnston, 1980; Lee 
and Begg, 2002; Neef, 1992, 1995). These olistostromes are conformable within 
typical interbeds of sandstone and mudstone, and olistolith clasts are derived from 
the Paleogene Whangai, Wanstead and Weber formation lithologies, measuring on 
the metre- to tens of metre- scale (Lee and Begg, 2002). Generally the chaotic 
deposits are associated with the basal turbidite strata of the Whakataki Formation, 
relating to earliest Miocene tectonic activity along majored seaward propagating 
thrust sheets (Bailleul et al., 2007, 2013; Chanier and Ferrier, 1991; Neef, 1999). 
 
Precise age dating of the Whakataki Formation has been problematic due to a 
paucity of foraminferal fauna and the significant reworking of them upon turbidity 
current deposition. Johnston (1980) proposed an age range of Early to Middle 
Miocene (Waitakian to Lillburnian) for the entire formation, noting that ages west of 
the Whakataki Fault are primarily Middle Miocene (Clifdenian to Lillburnian). 
Biostratigraphic studies of the Whakataki Formation undertaken by Morgans (1995; 
cited in Edbrooke and Browne, 1996) have obtained Early Miocene (late Waitakian 
to early Otaian) foraminferal ages from samples collected from the coastal exposure 
in the Whakataki region, with another examination by Neef (1995) confirming these 
ages for the coastal exposure north of Whakataki, at Mataikona. Foraminferal data 
from the Whakataki area has also been studied in the context of paleobathymetric 
distributions of known foraminferal facies of New Zealand first defined by Vella 
(1962a), and has inferred deposition of the Whakataki formation at upper- to mid-
bathyal (200 – 1000 m) palaeo-water depths (Bailluel, 2007; Crundwell, 1997; Vella, 
1962a), according to the paleobathymetric divisions of Hayward (1986). 
 
3.2.2 Stratal Architecture of the Whakataki Formation 
Thin bedded turbidites have emerged as proven hydrocarbon reservoirs, 
including in the Taranaki Basin, situated on the west coast of the North Island, New 
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Zealand (Browne et al., 2000; King et al., 1994). Subsequently, interest in reservoir 
potential of the Whakataki Formation has facilitated research into the stratal 
architecture of the turbidite sequence of the eastern Wairarapa region. Edbrooke and 
Browne (1996) investigated bed thickness and lateral bed continuity of a coastal 
outcrop in the Whakataki region. Their study involved comprehensive analysis of 
approximately 3.5 m thick stratigraphic interval of thinly interbedded sandstone and 
mudstone couplets, which was traced laterally for 500 m along strike (020°-030°). 
Correlation of the sandstone units at 10 reference stations found that 80% had 
maximum thicknesses of 12 cm and any sandstone bed that was thicker than 5 cm 
could be traced laterally for the entire transect. This study concluded that lateral bed 
continuity of the Whakataki Formation was extensive along depositional strike. 
However, sandstone bed correlation does decrease with increased horizontal 
separation, whereby the maximum examined distance of 500 m separation reduced 
bed correlation to approximately 80%. The major control on bed continuity was 
deemed to be depositional pinch out rather than by erosional surfaces (Edbrooke and 
Browne, 1996). Another study undertaken by Field (2005) focussed on the cyclicity 
of bedding within the Whakataki Formation turbidites. This investigation examined a 
32 m thick section of outcrop, also located at the Whakataki coastal exposure, and 
involved stratigraphic and gamma ray log and spectral analysis. Significant findings 
of this research were that bed thickness exhibited cyclicity of approximately 1 m and 
possibly 14 m wavelengths, and the overall average net: gross of the examined 
sequence was 74%.  
 
3.2.3 Depositional setting of the Whakataki Formation 
Though it has been recognized that the Whakataki Formation is a result of 
deep-marine sedimentation during the earliest Miocene (Field, 2005; Johnston, 1980; 
Neef, 1992), the current literature has not yet established a definitive depositional 
model for this sequence. Some previous workers have explored palaeo-depositional 
processes and constraints on deposition of the Whakataki Formation, subsequently 
proposing somewhat variable interpretations of the overall depositional settings. Part 
of this variability is due to the context in which the depositional setting is interpreted.  
Turbidite depositional environments of both modern and ancient sequences 
have largely been interpreted in terms of idealized submarine-fan models (Mutti & 
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Ricci Lucchi, 1972; Normark, 1970, 1978; Walker, 1978), whereby characteristics of 
turbidite successions are interpreted in the context of submarine-fan morphological 
components. Some studies on the Whakataki Formation (e.g. Edbrooke & Browne, 
1996; Field et al. 2006) proposed depositional settings based upon these models, 
suggesting a location of deposition on a submarine fan. However, other researchers 
have described the sedimentation process of the Whakataki Formation within a larger 
context of the regional geology and tectonic setting, referring specifically to the 
receiving sedimentary basin type and locality on the slope during deposition 
(Bailleul, 2007, 2013; Balance, 1993; Edbrooke and Browne, 1996; Neef, 1992, 
1997, 1999). In some instances, authors have applied submarine-fan facies 
descriptions (Mutti & Ricci Lucchi, 1972; Pickering et al., 1989) to describe the 
turbidite deposit within the basin setting (Bailleul et al., 2007; Neef, 1992). 
Considering these layers of context, there remains contention in defining the overall 
paleodepositional model for the Whakataki turbidite sequence. The major 
depositional processes and settings that have previously been proposed are reviewed 
below, and include: 
 Channel levee-overbank deposits of a basin plain submarine fan (Field, 
2005); 
 Lobe fringe setting of a basin floor submarine fan (Edbrooke and Browne, 
1996); 
 Channel levee-overbank deposits of a slope fan (Edbrooke and Browne, 
1996); 
 Basin plain deposits of a submarine fan on a widespread bathyal plain (Neef, 
1992. 1997); 
 Massive slump, debris flow and distal turbidite deposition into flysch basins 
at the front of active thrust sheets (Bailleul et al., 2013), and; 
 Flysch deposition in a bathyal Miocene forearc basin (Balance, 1993). 
 
In their investigations of stratal architecture of the Whakataki Formation, Field 
(2005) and Edbrooke & Browne (1996) suggested medial to distal levee-overbank 
deposits on a slope fan or basin plain submarine-fan, based on outcrop studies 
undertaken at the Whakataki coastal exposure. Key evidence to suggest these 
depositional settings included the extensive lateral continuity of bedding and rare 
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erosional bases (Edbrooke and Browne, 1996), which indicates low surface 
topography and accumulation in a down depositional dip direction. Palaeocurrent 
indicators measured in both studies indicated a north, north-east paleo-flow direction, 
which would be consistent with overbank flow direction of an orthogonal channel 
feeding off the continental slope from the west (Edbrooke and Browne, 1996; Field, 
2005). The relatively high abundance of climbing ripples and convolute lamination 
in the Tc Bouma interval was also noted by both authors as an indication of high 
sediment supply and rapid aggradation of turbidites, which is commonly associated 
with levee flanks of channelized submarine fans.  
 
A series of publications by Neef (1992; 1995; 1997; 1999) were aimed at 
constraining the major geological components of the Neogene Hikurangi subduction 
margin development, achieved by structural mapping and stratigraphic analysis of 
outcropping forearc sequences that have been uplifted and exposed in the Wairarapa 
Region. The Whakataki Formation was one of these sequences, being the earliest 
Miocene turbidite succession observed in the study area, deposited in response to the 
initiation of convergence at the Hikurangi margin ca. 25 Ma (Chanier and Ferrier, 
1991; Neef, 1992). Neef (1992; 1995; 1997) examined the Whakataki Formation at 
several localities in the Coastal Ranges and also in coastal exposures along the 
shoreline, east of the Whakataki Fault. Inland, vertical sections were taken near 
Pongoroa where groove casts indicated east-southeast paleo-flow directions, and 
slumping recumbent folds supported a southeast directed palaeo-slope (Neef, 1992, 
1997).  Foraminiferal data indicated mid- to upper-bathyal depths of deposition 
(Hayward, 1986; Vella, 1962a), leading Neef (1997) to conclude that the formation 
was likely deposited by east- to southeast-ward flowing turbidity currents, onto a 
widespread bathyal basin plain. The variable stacking nature of alternating sandstone 
and mudstone couplets of the coastal Akitio outcrop were likened to turbidite facies 
of Pickering et al. (1989), and interpreted to correspond to basin plain style, 
submarine-fan deposition, while occurrences of slumped beds near the inland 
Pongoroa section were interpreted to indicate that this part of the fan sequence was 
deposited close to the western basin margin (Neef, 1992). Neef (1992; 1995; 1997; 
1999) also noted the occurrence of chaotic olistolith deposits, slump structures and 
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debris flows, attributing these to syn-depositional diapir emergence and active thrust 
faulting of the inner trench-slope.  
 
Studies undertaken by Bailleul et al. (2007; 2013) closely followed the 
research of Neef (1992; 1995; 1997; 1999), in that the primary research focus was 
the evolving inner-forearc domain of the Neogene Hikurangi convergent margin and 
the tectonic influences on sedimentation during that time. These papers examine the 
stratigraphic, structural and seismic characteristics of the Neogene subduction 
complex, with a study area traversing the entire forearc region, from onland vertical 
stratigraphic sections (Bailleul et al., 2007, 2013), to offshore seismic lines covering 
the submerged accretionary prism to the east (Bailleul et al., 2013). The initial study 
(Bailleul, et al., 2007), focussed on stratigraphically analysing and characterizing 
turbidite sequences of the Miocene Akitio trench-slope basin, and interpreting a 
facies model for the lower trench-slope basin-fill successions. The methodology 
involved establishing sedimentary and geometric correlations between two vertical 
stratigraphic sections measured on opposing limbs of the Tawhero-Akitio synclines, 
producing a transverse cross-section through the northeast-southwest oriented, early 
Miocene trench-slope basin (Figure 3.4)  The onshore field area of Bailleul et al. 
(2013) built upon the results of Bailleul et al. (2007), and included correlation of 10 
vertical stratigraphic logs across a 30 km transect through the Coastal Ranges, from 
the Puketoi Range in the west, through the Tawhero-Akitio Synclines and extending 
eastwards to the Pacific shoreline, with a coastal vertical section taken at Castlepoint 
(Figure 3.4). The primary research focus of latter study (Bailleul et al., 2013) was to 
reconstruct the geometric and structural development of the Neogene Hikurangi 
convergent margin, starting from the onset of subduction ca. 25 Ma. 
 
In accordance with studies by Neef (1992, 1995, 1997, 1999), the Whakataki 
Formation was the earliest Miocene deposit found in the study area (Bailleul et al., 
2007; 2013), and marked the basal stratigraphic unit of a series of sedimentary basin-
fill successions determined by Bailleul et al (2013), that were produced on the lower-
trench slope of the tectonically evolving Neogene Hikurangi subduction wedge, 
beginning ca. 25 Ma (Bailleul et al., 2007, 2013; Chanier and Ferrier, 1991; Rait et 
al., 1991). In characterizing the Neogene sedimentary successions, Bailleul et al. 
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(2007) devised a new facies nomenclature to describe the deep-sea gravity deposits 
and shelf sediments, then characterized the overall depositional system using the 
submarine fan morphological-component approach of Mutti and Normark (1987, 
1991; cited in Bailleul et al., 2007).  
 
In their analysis, Bailleul et al. (2007, 2013) refer to the Whakataki formation 
as both a flysch and massive turbidite deposit, documenting the presence of chaotic 
olistostrome deposits at the base of the formation, followed by deposition of thick 
successions of distal turbidites (Facies Fa1b; Bailleul et al., 2007), corresponding to 
Facies D of Mutti and Normark (1987, 1991; cited in Bailleul et al., 2007). 
Palaeocurrent data recorded from the inland Pongoroa section indicated an eastwards 
paleo-flow direction (Bailleul, et al., 2007), corroborating with the findings of Neef 
(1992, 1997). This data, paired with the lateral thickness change of the Whakataki 
Formation from northwest to southeast recorded in the Akitio trench-slope basin 
(Bailleul et al., 2007), led to the interpretation of a southeast-directed palaeoslope at 
the time of deposition during the earliest Miocene (ca. 25-17.5 Ma). In conjunction 
with  these  interpretations,  the  authors’  most  recent  paper provided a comprehensive 
structural analysis of the deformed Neogene subduction complex, adding a tectonic 
context to the turbidites depositional setting (Bailleul et al., 2013). Specifically, 
analysis of major fault activity, stress tensor directions, and depositional 
discontinuities, led to the suggestion that the Whakataki Formation was deposited by 
debris flows and turbidity currents, flowing off the leading edge of seaward-
propagating thrust sheets, active throughout deposition of the Lower Miocene 
formation (Bailleul et al., 2013).  
 
A review of sedimentary basins of the Neogene Hikurangi forearc published by 
Ballance (1993), suggests a depositional setting for the early Miocene turbidite 
deposits that contrasts somewhat to that of the previously described authors.  
Ballance (1993) does not specifically acknowledge the Whakataki Formation, 
however refers to the earliest Miocene sediments outcropping down the southeast 
coast of the North Island, including throughout the Wairarapa region, as deep-water 
flysch deposits that are strongly glauconitic. The main point of disparity is that 
Ballance (1993) suggests that these were deposited above the trench-slope break, 
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representing a Miocene forearc basin-fill rather than on the lower-trench slope 
(Bailleul et al., 2007, 2013; Edbrooke and Browne, 1996) or in deep-sea basin plain 
environment (Field, 2005; Neef, 1992, 1995, 1997). The reasoning for this being that 
there is no other early Miocene basin-fill sequences further west in the arc-ward 
direction, thus distinguishing all the early Miocene rocks of the southeast coast as 
forearc basin-fill successions.  
 
In the discussed literature (Bailleul et al., 2007, 2013; Balance, 1993; 
Edbrooke and Browne, 1996; Field, 2005; Neef, 1992, 1995, 1997, 1999), several 
key findings and interpretations have been put forward regarding the depositional 
setting of the Whakataki Formation. However, all of these studies were completed 
with broader-scale research problems than a focussed study of the Miocene turbidite 
formation. Without the explicit focus to thoroughly examine the Whakataki 
Formation on a high-resolution scale, there remains unresolved contention in 
defining the paleodepositional processes and palaeogeographical setting for the 
turbidite succession.  
The purpose of the present research is to present a focussed case study on the 
Whakataki Formation in order to understand the depositional processes and 
sedimentary basin setting of this early Miocene Formation. This is important as 
sedimentation of the turbidite sequence is recognized to coincide with subduction at 
the Hikurangi Margin (ca. 25 Ma), and thus may provide insight into the effects of a 
transitional tectonic regime on the submarine depositional environment. 
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Chapter 4: Methods 
Comprehensive field-based research was undertaken during 2012-2013 on site 
at the Wairarapa Coast, collecting and analysing outcrop data. A combination of 
sedimentology, stratigraphy, ichnology, and mapping of structural elements were 
implemented in the field to obtain sufficient data to interpret palaeo-sedimentary 
processes and depositional environment. Laboratory processing was carried out on 
selected samples obtained from the outcrop transect, to provide quantifiable 
sedimentological analysis. The sedimentological, ichnological and stratigraphic 
properties were used in identifying discrete sedimentary units (lithofacies) with 
combined specific characteristics that reflect the processes and conditions that 
prevailed during deposition.  
4.1 STRUCTURAL MAPPING 
The major structural components of this part of the research were gathered in 
collaboration with Ballington (2013) as part of an unpublished undergraduate 
industry project. The structural data analysis comprise a smaller-scale foundation 
component of this present research and direct methods and results from Ballington 
(2013)  have  been  utilized  in  the  present  research  with  the  author’s  permission.  Data  
acquisition of structural elements were collected over the 4.5 km lateral outcrop 
length, wherein 30 stations were selected at approximately 100 m intervals 
(depending on outcrop availability), with the objective of establishing the structural 
configuration of the area and any relevant post deformational features. The following 
measurements were taken at the 30 stations (See Appendix A.): 
 GPS coordinates  
 Orientations of bedding planes (S0 - Original bedding plane). 
 Palaeoflow directions. 
GPS localities were collected using a Garmin GPS device; coordinates were recorded 
in Universal Transverse Mercator (UTM) notation. Strike and dip were measured for 
S0 orientations of bedding planes with the use of a Freiberg geological compass. 
Flow indicators were also measured with a Freiberg and Brunton compass, recording 
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trend and plunge orientations, wherein paleo-flow-indicators consisted 
predominantly of sole marks, specifically asymmetric flute casts and bi-directional 
tool marks.  Ripple stoss and lee were used where possible. The paleo-flow data 
collected in the field was later geometrically adjusted for post-depositional 
deformation which displaced the true direction of palaeo-flow. Major and minor 
faulting was also prevalent over the expanse of the outcrop at different scales, and 
was recorded in field mapping where possible. Some fault data has been derived 
from aerial photomontages of the Whakataki Formation coastal outcrop obtained 
from GNS Science, New Zealand (Appendix B). No kinematic indicators were 
observed for locally examined faults and therefore assessment of this structural 
deformation was visual, based on correlation of bedding across fault-planes. A 
structural map was constructed to denote key features (Figure 4.1). 
 
4.2 STRUCTURAL ANALYSIS 
The structural element, although a minor component of the design of this 
research, was however essential in properly identifying the stratigraphic framework 
of the turbidite sequence as there had been significant post-depositional deformation. 
It was therefore necessary to investigate the structural deformation in order to 
understand the original geometry of the deposit in which the turbidite succession was 
deposited. It was apparent in the strike and dip data that the overbearing structural 
feature was a syncline fold, with clearly opposing bed orientations. This was 
delineated using the bedding attitudes taken from the 40 structural stations and can 
be seen in the structural map in Figure 4.1. The structural map was then used to 
construct a vertical cross-section of the fold profile (Figure 5.4).  The outcrop 
transect, accessible only along the coastline at Whakataki, ran at an oblique angle to 
the fold axis, which was geometrically problematic as constructing a cross-section at 
this angle meant distal bedding planes of the fold limbs would intersect each other 
before being projected onto the profile. Movement along fault planes also 
complicated projection onto the fold profile as strike directions varied along the 
outcrop. Due to the structural deformation and subtidal exposure of the outcrop, it 
was necessary to construct a composite cross-section displaced at the hinge, 
(between points A-A’ and B-B’  on  the  structural map, Figure 4.1), in order to obtain 
a profile across the fold. The fold geometry of the vertical profile was interpolated 
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using the kink method as this seemed the most appropriate based on the contrasting 




Figure 4-1 Structural Map of the Whakataki field site. Strike and Dip data was collected from 40 
structural stations and a major syncline structure was delineated by the bed orientations (Adapted from 
Ballington, 2013). Strike-slip fault displacement has been inferred from aerial photos provided by 
GNS Science Pty Ltd. Physical localities of sedimentary data collection sites Stratigraphic stations SS-
A to SS-B are seen as red markers. 
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Determining the original paleo-flow direction was a primary objective of the 
structural analysis and was conducted unfolding of the structure using the computer 
program Stereonet 8 (Allmendinger, 2004). This required several geometric 
operations. Firstly, this analysis required rotating the bedding planes around the fold 
axis into a planar surface of which the dip direction was parallel to the axis. Then this 
surface was rotated towards the horizontal around a horizontal axis of rotation that 
was perpendicular to the trend of the fold axis. This method assumes that the 
sediments were horizontal at the time of deposition. However, the turbidite 
succession   was   most   likely   deposited   onto   a   very   gently   dipping   slope   (≤5°)   and  
therefore the reconstructed data is subject to a small margin of error. The results of 
this geometric analysis allowed for the original flow direction of turbidity currents to 
be determined and are discussed further in Section 5.1. 
 
Structural analysis was also undertaken to identify several key characteristics 
of the syncline, which demonstrate the influence of tectonic stress and strain on the 
deposited strata. The geometry and degree of folding indicate the amount of 
deformation and strain displacement patterns involved during deformation episodes. 
This analysis utilized the following classifications of folds: 
 The aspect ratio: the ratio of the amplitude to half the wavelength of the 
fold  
 The shortening proportion: the profile length measured along the median 
surface, in proportion to the outer circumference of the fold, measured 
along the arc length  
 The bluntness/radius ratio: a quantitative measure of how round or angular 
the hinge is. It is defined as:  
B = rh/ ri ,  
Where rh is the radius of curvature at the hinge and ri is the radius of the 
circle tangent to the limbs at the two inflection points  
 The inter-limb angle classification: a measure of the tightness of the fold. 
It is the angle subtended by the tangents at two adjacent inflection points 
and classified based on this angle (Table 4.1) 
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Table 4.1 Classification criteria for the inter-limb angle of folds 
Inter-limb angle Tightness class 
180 to 120° Gentle 
120 -- 70° Open 
70 -- 30° Close 
less than 30° Tight 
0°, i.e. parallel limbs Isoclinal 
< 0° Fan 
 
 Ramsay (1967) Dip Isogon Classification: Based upon curvature of the 
inner and outer lines of a fold, and the behaviour of dip isogons. The 
classifications are based upon the deformation style of the fold, wherein 
bedding thickness may either remain uniform and the fold curvature is 
considered concentric or bedding thickness is non-uniform with thickening 
at the hinge, and the fold curvature is considered as a similar fold (Table 
4.2). 
Table 4.2 Ramsay (1967) classification criteria for folds based on dip isogon orientations 
Class Curvature C Comment 
1 Cinner > Couter Dip isogons converge 
1A  Orthogonal thickness at hinge narrower than at limbs 
1B  Parallel folds 
1C  Orthogonal thickness at limbs narrower than at hinge 
2 Cinner = Couter Dip isogons are parallel: similar folds 
3 Cinner < Couter Dip isogons diverge 
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4.3 FIELD METHODS 
A coastal outcrop area of ~ 4.5 km in length was surveyed and provided the 
type-section for all sedimentary, stratigraphic, structural and ichnofossil 
examinations undertaken in this study. Over this span of outcrop, eight discrete 
stratigraphic sections were selected in which detailed sedimentological and 
stratigraphic information was examined and collected, referred to as stratigraphic 
station ‘A’   through   ‘H’,   denoted   as:   SS-A, SS-B, SS-C, SS-D, SS-E, SS-F, SS-G, 
SS-H, from southwest to northeast (Figure 4.1; Appendix C). The stations were 
strategically located laterally along the outcrop with the objective of covering 
sequences that represented proximal to distal deposits, which were originally inferred 
by visual inspection of the length of outcrop from southwest to northeast along the 
coast. As the stratum of the Whakataki Formation dips quite steeply, averaging dip 
angles of between 40-70°, the stratigraphic sections which represent vertical stacking 
could be walked and measured horizontally across the shore-platform outcrop. 
Accessibility to some areas of the outcrop was problematic due to its position on a 
wave-cut platform that was affected by the tide. Due to this, the stations were 
selected based on the most accessible transects with extensive vertical continuity 
above sea level with a relatively even distribution over the length of outcrop area. 
Using strike and dip measurements, bedding attitudes of the eight stratigraphic 
stations measured at the shoreline were projected onto the composite cross-section of 
the fold that was delineated by structural analysis. The cross-section profile is 
oriented transverse to the coastline from northwest to southeast (Figure 4.1). Each of 
the eight measured sections represented different stratigraphic locations on the 
vertical fold profile, so that the cross-section provided the relative spatial framework 
in which the stratigraphy and facies associations could be further analysed (Chapter 
5). 
 
4.3.1 Sedimentological data  
Data collection was methodically carried out at each stratigraphic station, SS-A 
to SS-H, in which lithological characteristics and sedimentary structures were 
visually assessed and recorded for representative turbidite event beds in each 
stratigraphic section. As bedding in all sections comprised well-formed Bouma 
sequences with distinct internal lithological boundaries, data was recorded according 
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to each Bouma Interval Ta - Te, which provided five sub-facies classifications 
utilized throughout this research. Any variations were noted, including beds which 
did not conform directly to specific Bouma intervals, such as those that did not 
display the classic sedimentary structures as described in Section 2.2. The main 
points of observation in this field-based examination were lithology, grain size, 
macro-sedimentary structures, erosional features, paleo-flow indicators, internal 
grading and ichnofossils. Lithology and grain sizes were analysed using a 10x 
magnification hand lens and grain-size comparator card. Sedimentary structures 
including ripples, laminations, and soft-sediment deformation features were 
measured with a tape measure and photo documented. Hand samples of 
representative Ta-Te beds were taken from each Stratigraphic station SS-A to SS-H to 
be analysed further in the laboratory.  
4.3.2 Stratigraphic data  
Eight sedimentary logs were measured, examined and documented at each 
Stratigraphic station SS-A to SS-H. The graphic logs are referred to as Sedimentary 
log 1 through to Sedimentary log 8, denoted as SL-1, SL-2, SL-3, SL-4, SL-5, SL-6, 
SL-7 and SL-8. This numbering system was implemented to illustrate the vertical 
stratigraphic order of each measured section in relation to one another, where SL-1 
represents the lower-most sedimentary log of the examined sequence, and SL-8 
represents the highest part of the vertical sequence, according to the spatial 
arrangement outlined in Section 5.2. In Chapter 5.0, sedimentary logs have been 
described with relation to their position along the outcrop transect, SS-A to SS-H. 
For example, the lowermost section of the examined vertical stratigraphy (SL-1) is 
located at the northern-most field site of the longitudinal field transect (SS-H) and 
the log is therefore denoted as SS-H; SL-1. This notation is used because it is 
important to distinguish both the vertical stratigraphic position and lateral physical 
localities of the eight measured stratigraphic logs.  
 
At each site the vertical stratigraphy of the outcrop was measured 
perpendicular to strike from the top of the sequence to the furthest lateral extent 
available to determine the total maximum thickness of each stratigraphic section. 
Every individual unit and bed within the vertical section was then measured on a 
centimetre to half-centimetre scale. Units were defined as discrete turbidite event 
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deposits, classified by genetically related Bouma sequences, wherein individual beds 
were subdivided according to Bouma divisions Ta - Te. Bedding that could not be 
categorized under a particular facies of Ta-Te, were also noted and measured as 
discrete beds. Measurements of bedding was taken perpendicular to the upper and 
lower boundaries to obtain true thicknesses and where this was not possible, true 
thickness was calculated using trigonometry by the dip angle and apparent thickness 
using the formula: W sin(D°), where W equals the measured length between contacts, 
and D equals the dip angle of the beds. Sedimentary structures, sharp and gradational 
contacts, erosional surfaces and ichnofossil assemblages were noted on an individual 
bedding scale and related to the bedding or unit in which it was observed.  
 
Ichnofossil documentation consisted of identifying the fossils (taxonomically 
where ichnogenera could be defined confidently, otherwise descriptively annotated), 
which beds they occurred in (Ta-Te), and local abundance within a stratal layer 
according to a Bioturbation Index classification. A Bioturbation Index is a 
descriptive grading system which integrates ichnology and sedimentology by 
referencing the degree of disruption to original bedding structures by trace fossil 
abundance. The bioturbation classification scheme used in this thesis comprises five 
grades; BI-1 to BI-5, with BI-1 indicating the least amount of bioturbation and BI-5 
indicating highly disrupted bedding by bioturbation. Figure 4.2, modified from the 
original Index classification of Droser and Bottjer (1986), illustrates the classification 
properties of each grade. 
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Figure 4-2 Ichnofabric Bioturbation Index Classification Grades 1-5. Modified from Droser and 
Bottjer (1986); in (Fulthorpe et al., 2008) 
 
 
Percentage of mud to sand was also visually assessed for each stratigraphic 
section based on frequency of sandstone to mudstone intervals. The younging 
direction was established using sedimentary structures such as ripples, flame 
structures, sole marks, and the stratigraphic order of the Bouma sequence (1962). 
Rudimentary stratigraphic columns were sketched onto a template in the field to 
properly collate and visualise all data, and the raw data was later transferred to the 
graphic sedimentary log program, Sedlog©. (Figure 4.3; Appendix D). Each Bouma 
interval facies Ta-Te is denoted in the Facies column, where Facies 1 is Te, Facies, 2 
is Td, Facies 3 is Tc, Facies 4 is Tb and Facies 5 is Ta. This numbering system was 
built in to the software and the associations of Facies numbers to Bouma Intervals 
were decided upon so that the turbidite facies column position would correlate to the 
grain size of the according bed.  
 




Stratigraphic and sedimentological data, including Bouma interval 
classification, bed thickness, grain size, and other variable information was later 
exported from Sedlog into Microsoft Excel so that the sandstone/mudstone 
proportions could be statistically calculated for each section. Three separate 
sandstone/mudstone ratios were calculated: 
 Sandstone : Mudstone (B+C : D+E) 
 Sandstone : Siltstone (B+C : D) 
 Siltstone: Claystone (D : E) 
These categorizations were selected to show that there is a significant 
difference between the laminated siltstone of the Td interval and the hemipelagic 
mudstone that constitutes the Te interval. Hemipelagic claystone intervals are not 
always strictly considered as part of the turbidity current deposits, and they do not 
necessarily settle from the original flow, rather they settle by processes that occur in 
deep sea environments at any given time (Middleton and Hampton, 1973; Spears and 
Amin, 1981). For this research, it was deemed important to evaluate not only the 
sand to mud ratio of the whole Bouma sequence, but to also focus on the ratio of 
Figure 4-3 An example template of Sedlog program demonstrating a complete ideal Bouma 
Sequence, displaying notation of Ta-e beds in according facies numbers 1-5. This does not 
represent data from any particular section of the examined outcrop.  
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sandstone to siltstone, and siltstone to claystone, as they may indicate different 
information about the original flow characteristics and depositional settings.  
 
4.4 PETROGRAPHY 
The petrographic characteristics of the Whakataki Formation were examined 
and described in the discrete intervals of the Bouma Sequence, annotated Ta-Te. The 
use of the Bouma divisions as a nomenclature scheme conveys some inherent 
sedimentological characteristics of turbiditic strata, namely dominant sediment grain-
size and bed-scale sedimentary structures. Therefore, specific petrographic 
characteristics have been documented for each division Ta-Te where data was 
available from each eight Stratigraphic stations A-H, and is documented in the 
Results (Section 5.3) in accordance with the vertical spatial distribution of 
Sedimentary logs 1-8, as described in Section 5.2. 
 
4.4.1 Thin Sections  
Thin section analysis was conducted to obtain compositional and textural 
information of the sediments from each discrete facies Ta-Td. Twenty-four thin 
sections were prepared from samples of representative Ta-Td beds taken from 
Stratigraphic stations SS-A to SS-H (Appendix E). Thin section rock samples were 
cut perpendicular to vertical bedding, with younging direction noted, to obtain 
upwards cross-section profiles of each sample.  As the specimens were relatively low 
in cohesion, they were first impregnated with clear epoxy resin and dried overnight 
before mounting to a slide.  
Rock samples were collected from the field on three separate occasions during 
the course of this study, and subsequently the finished thin sections were prepared in 
different ways. Samples, TS1.1, TS1.2, TS1.3, TS1.4, and TS1.5 were mounted on 
larger 50 x 75 mm glass slide with a cover slip, whereas Samples TS2.31, TS2.32, 
TS2.4, TS2.6, TS2.8, TS2.9, TS2.10, TS2.11, TS2.12, TS3.1, TS3.2, TS3.3, TS3.4, 
TS3.4, TS3.5, TS3.6, TS3.7, TS3.81, TS3.82 and TS3.9 were mounted on a 27 x 46 
mm glass slide and polished. Three thin section samples, TS3.5, TS3.6 and TS3.7 
were sampled from an outcrop locality in which no specific sedimentary log was 
measured. This site was located between SS-D and SS-E, and is referred to as 
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stratigraphic station E (South) – denoted as SS-E (S). The locality of this sample 
position is shown in Figure 4.1.  
 
4.4.2 Point-counting 
To obtain quantitative and semi-quantitative mineral abundances, bulk point 
counting of a minimum of 300 grains was undertaken on eighteen thin sections of 
sandstone intervals that represented Ta-Tc from each Stratigraphic station. Samples 
of four sandstone thin sections (TS2.6, TS2.9, TS2.10, and TS2.11) could not be 
compositionally analysed by bulk-point counting methods due to misaligned cutting 
and orientation of the mineral surface on the glass slide medium, which altered light-
refracting and diffracting properties of grains, preventing accurate mineral 
identification.  
Bulk-point counting of mineral frequencies was achieved using a stepping 
stage mounted on a Leica© DM750P transmitted light polarising petrographic 
microscope, examining the thin sections under 10x objective and cross-polarized 
light, so that grains of quartz, feldspar and lithics could be distinguished.  The 
stepper was used to incrementally move the thin section along the horizontal short 
axis of the slide, one grain at a time from the far edge of the thin section to the other, 
so that every grain centred under the cross hairs was manually tallied and the 
composition recorded. Once the short horizontal line of grains was tallied and 
described, the stage was stepped incrementally down the vertical long axis by 10 
grains which were tallied and described, and then moved horizontally in the opposite 
short direction towards the original position, examining each grain until reaching the 
far side of the thin section again. This was repeated until a minimum of 300 grains 
had been recorded. The objective for this method of point counting was to ensure a 
representative cross section of the thin section included all variations of grains, and a 
count of 300 grains was selected to reduce the width of the 95% confidence interval 
(van der Plas and Tobi, 1965).  
 
In addition to noting the abundance of quartz, lithics and feldspar grains, other 
mineralogical and textural characteristics were identified and described, including 
matrix composition and proportion, types of quartz grains (monocrystalline, 
polycrystalline or strained), types of feldspars (albite, orthoclase or microcline), and 
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the key types of lithic fragments (meta-sedimentary, volcanic). The occurrence of 
mica grains, authigenic minerals, and bioclastic and biological material was also 
noted. From these observations, each examined thin section was classified according 
to the Pettijohn Classification Scheme (1987), wherein nomenclature is determined 
from plotting the bulk composition data on a ternary diagram of three end member 
proportions of quartz, feldspar and lithics, with the added dimension of matrix 
percentage (Figure 4.4). Photomicrographs were taken of each thin section with a 
Leica© ICC50HD digital microscope camera, using Leica© Application Suite v3.3.0 




Figure 4-4 Pettijohn (1987) ternary classification scheme diagram. Proportions of major 
framework grains of Quartz, Feldspar and Lithics are combined with bulk rock proportion of 
matrix (Adapted from Pettijohn, 1987) 
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4.4.3 Grain size distributions 
Detailed petrographic grain-size analysis of twenty-four thin sections was 
undertaken to obtain grain size distributions and to interpret textural maturity of the 
sandstone samples. The examined thin sections comprised samples of representative 
Bouma intervals Ta-Td, from each Stratigraphic station SS-A to SS-H Table 5.3. 
Images were captured of each thin section in plane and cross polarized light at 4x 
objective using Leica© Application Suite v3.3.0 Microscope software. These images 
were then analysed using ImageJ© software, where 300 individual grains were 
digitized from each sandstone thin section by drawing a polygon around the grain 
boundary. For samples of Td siltstone, only 100 grains were digitized as the majority 
of particles were finer than <63m and difficult to distinguish using a 
petromicrograph. Grain-size parameter statistics were digitally computed for each 
grain and automatically exported into a Microsoft Excel spreadsheet. Particle sizes 
were recorded as millimetre measurements under several key parameters, including; 
grain area, major axis length, minor axis length, rounding, and several others 
(Appendix F). Grain  size  parameters  were  converted  from  millimetre  (mm)  to  phi  (φ)  
measurements using the formula:  
  𝜑 =   logଶ 𝑑, where d = diameter of a particle in mm  
Phi () is the standard particle scale referred to in this thesis for analytical and 
graphical grain-size results. The Wentworth Scale is used for descriptive grain size 
analysis.  
 
The exported data table of 300 grains (100 for siltstones) comprises the grain-
size distribution of each thin section. In order to ensure grain size analysis was not 
biased, the method for which grains were digitized involved methodically measuring 
every grain across a grid. Overprinting a grid onto the petromicrographs is a function 
of the ImageJ© Software. An appropriate grid size was selected according to the size 
of the grains in each sample. Excel Data functions were then used to determine 
important  statistical  properties,  including  the  mean,  median  and  mode  grain  sizes  (φ),  
as well standard deviation (sorting - σφ)   and   skewness   classifications. The 
classifications for particle grain sizes were calculated using the following formulae: 
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Skewness:   𝑆𝑘 =   థଵ଺  ା  థ଼ସିଶథହ଴
ଶ(థ଼ସି  థଵ଺)




The data was treated in Microsoft Excel to produce graphic presentations in 
the form of histograms and cumulative frequency curves, enabling visualization of 
grain-size distributions of each sample and trends throughout the sequence. The 
mode and median  grain size were calculated from these plots. Histograms were 
plotted with grain-size () along the x-axis, against individual weight percent along 
the y-axis. The histograms also show where the grain size distributions are unimodal 
or bimodal. Cumulative frequency curves were generated by plotting grain size 
against cumulative weight percent frequency on an arithmetic ordinate, producing S-
shaped curves. These curves provided a visual assessment of sorting within a sample, 
wherein a steep slope indicates good sorting, and a very gentle slope indicates poor 
sorting.  
 
4.4.4 Grain texture, packing, and fabric 
Grain morphological characteristics and grain fabrics were qualitatively and 
semi-quantitatively assessed by thin section petrography, providing important 
information about sediment transport, accumulation and diagenetic processes. Grain 
rounding was visually assessed under the petrographic microscope and classified on 
a descriptive scale from very-angular to very-rounded. The mean roundness ratio 
calculated for each thin section using the ImageJ© Software was compared to, and 
combined with the visual classification, where a low ratio (<0.5) indicates less 
rounding and more angular grains, and a high ratio (>0.5) indicates a higher degree 
of rounding, with more grains classified as rounded.  Grain to grain boundaries were 
descriptively assessed, classified as floating, point, long, concavo-convex or sutured 
contacts.  Any  grain  fabrics  such  as  lineation’s  or  imbrications  of  platy  minerals  were  
also visually assessed and documented.  
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4.5 X-RAY DIFFRACTION (XRD) ANALYSIS 
Five sandstones samples were selected from the examined outcrop to be 
compositionally analysed using bulk X-ray diffraction analysis, allowing a 
quantitative measurement of relative mineral phase abundances at specific locations 
in the stratigraphy of the Whakataki Formation. Approximately 5 grams of each 
sandstone sample was broken off a hand specimen for bulk XRD analysis. Each of 
these was then pulverized manually, to a fine powder approximately 40m in size, 
using an agate mortar and pestle. As the sediments exhibited very low cohesion, 
machinery was not required for the initial phase of grinding. The mortar and pestle 
were cleaned thoroughly and dried with ethanol between samples, and the final 
crushed samples were left to dry overnight at 40°C to evaporate any residual 
moisture from outcrop tidal exposure. Three grams of the dried crushed samples was 
then precisely weighed out and micronized using a McCrone micronizing mill with 
corundum beads and ethanol fluid. An internal standard of corundum was also added 
at 10 wt% during this stage of preparation to allow for quantitative phase analysis. 
After samples were micronized, they were collected into separate Petri dishes and 
allowed to dry overnight at 40°C to evaporate the ethanol. Once dried, samples were 
transferred into small plastic bags, which were crushed between the fingers to 
homogenize the sample before mounting onto the XRD powder chamber ready for 
analysis.  
 
Three clay samples of the Te Bouma interval were also analysed using the fine-
fraction XRD analysis method, sampled at strategic points in the turbidite 
stratigraphy. Approximately 2 grams was broken off from the original hand sample 
to be disaggregated, then crushed using an agate mortar and pestle until finely 
ground but not to a complete powder. The crushed sample was transferred into 20 ml 
plastic vials and filled with tap water, which were then placed in an ultrasonic bath 
for 6 minutes and then left to settle overnight. The samples were then shaken 
vigorously by hand for at least 30 seconds, and allowed to settle for 5 minutes before 
drawing out the topmost sediments in suspension using a glass pipette. The 
suspension sediment-fluid mixture was pipetted onto a silicon sample slide and 
allowed to air dry in a safe chamber over night, before adding a drop of ethylene 
glycol to expand the clay fraction, ready for analysis. 
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X-ray diffraction patterns of both the bulk samples and clay-fraction samples 
were collected using a PANalytical   X’Pert   PRO   X-ray vertical diffractometer at 
Queensland University of Technology, operating at 40 mA and 40 kV. Step-scanning 
of  micronized  bulk  samples  was  performed  using  copper  Kα  radiation,  with  a  starting  
position  of  3°  2θ  to  a  final  position  of  75°  2θ.  Diffraction  patterns  of  the  fine  fraction  
were   obtained   using   cobalt  Kα   radiation,   stepping   incrementally   from  1.5°   2θ   to   a  
final  position  of  35°  2θ.  The  powder  X-ray diffraction data was analysed using Jade 
(V. 2010, Materials Data Inc.) for phase identification and SiroQuant (V.3, Sietronics 
Pty Ltd) for quantitative analysis using the Rietveld (1969) refinement process. In 
this technique, the added standard of a known quantity (corundum at 10 wt %) is 
used to normalize the analysed phase abundances in the sample, so that the 
concentrations can be modelled on an absolute scale. A residual proportion of non-
diffracting or unidentified phases were also calculated using this method.   
4.6 SCANNING ELECTRON MICROSCOPY (SEM) 
Five polished thin sections were analysed using scanning electron microscopy 
to obtain semi-quantitative elemental analysis of sandstone and siltstone 
compositions, as well as obtaining high-resolution images of important petrographic 
characteristics such as grain boundaries, matrix and cement fabrics, and images of 
foraminifera and carbonate tests. The five thin sections were selected to represent 
particular stratigraphic intervals of the total examined sequence. Each thin section 
was mounted and examined under a Hitachi TM3000Analytical TableTop 
Microscope, with backscattered imaging obtained by 15 kV beam energy. The 
scanning electron microscope was fitted with a Bruker Quantax70 Silicon Drift 
Energy Dispersive e-ray spectrometer, which was used for mapping of chemical 
elements and calculating relative elemental abundances within a specific field of 
view. Samples were not coated, and charge reduction mode was used.   
4.7 FACIES AND STRATIGRAPHIC ANALYSIS 
A sedimentary facies refers to a body of rock that is characterized by a 
particular combination of lithology, sedimentary structures, physical dimensions and 
biogenic content which differentiates it from other sedimentary units (Walker, 1992). 
The sum of these features directly reflects the processes under which the rock 
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formed. In the observation of a succession of units, discrete packages can be grouped 
together based on genetic relationships and associations of particular sequences. 
Facies analysis is based on these facies associations in which a range of depositional 
processes are identified to be occurring with spatial and temporal relationships that 
indicate deposition in a particular to a type of environment.  
 
For the purposes of this thesis, the sedimentary intervals of ideal turbidite 
deposits described by Bouma (1962) have provided the foundation for facies analysis 
of the Whakataki Formation. Individual beds of the examined stratigraphy were 
annotated according to the five intervals of the Bouma Sequence: Ta, Tb, Tc, Td and 
Te; being characterized by the typical grain size, composition and sedimentary 
structures of the classical Bouma Sequence as described in Section 2.2. Using this 
well defined bed-scale facies scheme, a unit-scale lithofacies classification was also 
constructed in this thesis. The unit-scale classification distinguished successions of 
turbidite event beds based on similarities or variations in grain size, 
sandstone/mudstone proportions, partial Bouma intervals, lower- and upper-bed 
contacts, bed geometries, sedimentary structures, and ichnofaunal assemblages.  The 
categorizations were referred to as Lithofacies, 1, Lithofacies 2, Lithofacies 3 and 
Lithofacies 4, denoted as LF-1, LF-2, LF-3 and LF-4 respectively, and used to imply 
variations in turbidity current processes and depositional settings within, and 
between, the examined sequences of Stratigraphic stations SS-A to SS-H. Major 
facies associations were then identified on a broader-scale, wherein notable 
variations throughout the entire vertical stratigraphy were identified and collectively 
analysed with reference to known facies models of idealized turbidite and submarine 
clastic system depositional systems (Mutti and Ricci Lucchi, 1972; Normark, 1970; 
Walker, 1978; Richards and Reading, 1994). The Facies associations in this research 
are referred to as Facies Association A, Facies Association B and Facies Association 
C, denoted FA-A, FA-B and FA-3 respectively. The grouping of Facies Association 
was subjective and based upon distinguishable large-scale variations in 
sandstone/mudstone ratios, bedding thicknesses, grain-size grading sequences, 
bioturbation index and prominent bed boundaries such as erosional features.  
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Stratigraphic analysis provides the framework in which related packages of 
lithofacies and facies associations can be contextualised on an environmental scale, 
wherein variations in depositional processes over time can be identified based on 
geometric associations between juxtaposing sedimentary successions, which can then 
be attributed to architectural elements of idealized depositional models, as 
documented in the literature. 
 
 The identified structural configuration of the field site provided the framework 
for stratigraphic analysis of the Whakataki Formation, in which the vertical spatial 
relationships between each stratigraphic column SL-1 to SL-8 could be identified and 
placed into geometric context using the delineated fold profile (Section 5.1 and 5.8). 
Each Sedimentary log was overlayed onto the fold cross section by projecting 
bedding orientations from the appropriate coordinates onto the composite transect 
(Section 5.1). Using the syncline configuration, fault slip analysis, total thickness of 
each sedimentary log 1-8, and physical distances between Stratigraphic station 
localities (Figure 4.1), the vertical spacing of sections was calculated on a metre 
scale, from the base measurement (base of Sedimentary log 1) to the topmost 
measured section (top of Sedimentary log 8), with approximate thicknesses of 
missing data between Logs 1 – 8 estimated to the closest reasonable measurement. 
 
 Once placed on the cross-section profile into correct geometric configurations, 
visual identification of stacking patterns was used for stratigraphic correlations 
between logs, identified primarily on the basis of definitive and discrete packages of 
condensed repetitive cycles of partial Bouma sequences (Tcde, Tde) that were 
particularly prominent to the eye. The use of marker beds was also implemented for 
correlation in a few cases; specifically of anomalously thick amalgamated sandstone 
units. Once the vertical spatial arrangement was configured, the horizontal physical 
distance between stratigraphic stations SS-A to SS-H was added to the stratigraphic 
analysis to understand the complete three-dimensional configuration of the 
Whakataki Formation at the field site.  
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Chapter 5: Results 
5.1 STRUCTURAL SETTING 
The structural analysis produced vital results for understanding of the 
geometric architecture of the Whakataki Formation, which was important at the 
Whakataki field site due post-depositional structural deformation that compromised 
the true depositional architecture. Strike and dip data collected from the coastal field 
outcrop was used to construct a transverse cross-section of the turbidite succession, 
which revealed a large-scale fold structure. Several small- and large-scale faults also 
disrupt bedding of the outcrop sequence, and are analysed to understand original 
bedding configurations. Based on the delineated fold profile constructed from 
interpolation of structural data points onto the transverse cross-section, an estimated 
thickness of the outcrop-scale sequence was calculated to measure ~550-600 m at the 
hinge axis. The following section describes analysis of the post-deformational 
structural configuration of the Whakataki Formation outcrop by classification of the 
fold structure, reconstructed paleo-flow directions, and evaluation of major fault 
movements, which are important for understanding the syn-depositional and post-
depositional tectonic history of the region. As aforementioned in Section 3.1, parts of 
the structural component of this research were carried out in collaboration with 
Ballington (2013) and the results in the following section are provided at the 
disclosure of the author.  
 
5.1.1 Fold Classification 
Classifications based on geometry and characteristics of the fold at Whakataki 
indicate the degree of deformation, as well as the stress and strain kinematics that the 
examined stratum has experienced post-deposition.  Based on analysis of younging 
direction indicators and Strike and Dip orientations across the northwest-southeast 
trending cross-section profile (Figure 4.1), it was determined that the limbs of the 
fold young towards the hinge, indicating a syncline structure. As can be seen in 
Figure 5.1 of the fold profile, the dip angle of the limbs demonstrates some 
asymmetry, with bedding of the northwest limb dipping steeply, on average ~075°-
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085°SE, and bedding of the southeast limb dipping at a shallower angle, on average 
between ~030°-050°NW. Dips become shallower towards the hinge-line on both 
limbs of the fold at the surface interface. The fold profile has a maximum length of 
2842 m and an outer circumference of 3343 m which implies a shortening of ~15 % 
has been accommodated in this section of the fold, which is a considerably low 
proportion of shortening strain. The Aspect Ratio of the fold was measured on the 
cross-section profile as the ratio of the vertical length between the surface and the 
deepest fold line, to the horizontal length between the points where this same fold 
intersects the surface. This was calculated to be 0.22, classifying the feature as a 
wide fold, indicating a macroscale deformational feature with an overall low degree 
of compressional strain. Based on dip isogon analysis, it was apparent that there were 
negligible variations in thickness of bedding or degree of curvature from the limbs to 
the hinge, and isogons were directed parallel to the fold surface. This classified the 
syncline as a parallel fold, class 1B under the geometric fold classifications of 
Ramsay (1967).  
 
Strike and dip data allowed for a model of the fold to be projected on a 
Schmidt diagram in which a more detailed morphology of the fold could be deduced. 
Fitting  a  great  circle  (π-plane) to the poles of S0 showed that the syncline is, to first 
order at outcrop-scale, a cylindrical fold with an axis that trends in a straight line 
(Figure 5.1).  The  fold  axis,  the  pole  to  the  π-plane, trends 235° with a plunge of 10°. 
The resulting fold axial plane was found to be vertical, classifying the feature as an 
upright fold, and which can be seen on the vertical cross-section (Figure 5.2). The 
interlimb folding angle, which classifies the degree of the tightness of the fold, was 
measured as the angle made between two lines extended normal from the inflection 
point of each limb. This angle, calculated on the Schmidt net (Figure 5.1) was 
determined to be 160°, thus making it gentle, and again demonstrating only minor 
shortening across the large-scale fold. The Radius Ratio or Bluntness Ratio is a 
measure of fold bluntness, and was determined to measure between 0.9 and 1, 
classifying the fold hinge as rounded, corroborating with classifications of a wide, 
gentle fold, wherein the compressional stress has been accommodated regularly over 
the thickness and lateral extent of the strata, and the fold closure demonstrates 
curvature around the hinge axis rather than sharp angularity (Ballington, 2013).  
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After geometric analysis, the fold at the Whakataki site was determined to be 
an upright, slightly plunging, cylindrical, wide, gentle syncline, striking axially at 
235°.  Based  on  the  fold  axis  trending  at  235°,  the  principal  stress  direction  (ϑ1)  was  
determined by principal stress/strain relationships to trend at ~325° and the according 
maximum  strain  direction  (λ1)  trending  vertically,  with principal shortening direction 
(λ3)  also  at  ~325°.  These  kinematic  vectors  indicate  that  the  strata  underwent  active  
folding with a principal shortening stress tensor parallel to bedding in a northwest-
southeast direction, identifying the major deformational mechanism as buckling 
rather than bending. The geometric fold classifications, shape of the fold profile, plus 
the known lithological and bedding characteristics of the turbidite sequence, jointly 
indicate that flexural slip was the major internal kinematic fold mechanism of the 
deformation at Whakataki (Ballington, 2013).  
 
 
Figure 5-1 Stereonet plot of poles S0 (Northern limb: black circles, Southern limb: open circles) fold 
π-plane (solid line), the fold axis (open square), and the fold axial plane (dashed line). (Ballington, 
2013) 
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Figure 5-2 Cross section oriented NW-SE showing profile of structural fold (Profile transect shown in 
Figure 4.1). Localities of 8 Stratigraphic stations have been interpolated using Strike and Dip 
measurements from the outcrop transect, projected onto the composite cross-section (Adapted from 
Ballington, 2013). 
5.1.2 Reconstruction of paleo-flow direction 
After geometrically treating the paleo-flow data collected from a total of 40 of 
the structural stations, a dominant paleo-flow direction became apparent when 
plotted on a rose diagram, as can be seen in Figure 5.3 below (see Appendix A for 
raw data). For the culmination of data over the sequence the dominant flow direction 
was Northeast with minor flow indicators trending southwest. The most prominent 
flow direction was between N10°E and N20°E, with 18% of paleo-flow data trending 
this direction. This is the original direction of flow as the sediments were deposited 
(Ballington, 2013). 
 
Figure 5-3 Rose diagram demonstrating palaeocurrent directions, plotted over Schmidt net with 
oriented coastline reference. Diamonds denote up-dip markers, circles denote down-dip markers and 
all 40 data points have been structurally reconstructed and unfolded to illustrate original flow 
directions prior to structural deformation (Ballington, 2013). 
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5.1.3 Brittle fault deformation 
Several minor strike-slip faults were identified in field mapping of the outcrop 
transect, as well as from analysis of aerial photomontages supplied by GNS Science 
Pty Ltd, (Appendix B). The principle fault plane orientation of strike-slip faults trend 
ENE – WSW, with minor small scale (centimetres to several metres) directed SE-
NW (Figure 4.1). As no fault kinematic indicators were observed, displacement 
across fault-planes was visually evaluated. Correlation of beds across faults planes 
indicated the primary slip directions as dextral in sense. Several conjugate strike-slip 
faults were observed deforming bedding orientations along the coastal platform, 
wherein a series of small-scale dextral strike-slip faults have resulted in curvature 
around fault planes of the otherwise laterally continuous turbidite strata (Appendix 
B). The most prominent conjugate fault deformation features were recorded between 
SS-B, SS-C and SS-D; where bedding abruptly changed Strike direction from 
~N20°E at SS-B, to ~N70°E at SS-C with bedding projected offshore to the east, 
then returns to striking at ~N20°E at SS-D, north of site SS-C. Analysis of the 
deformation between these sites indicates a set of a synthetic Reidel shear faults, as 
illustrated in Figure 4.1. Displacement measurements along major faults were not 
quantitatively analysed due to inaccessibility of deformed bedding on the wave-cut 
platform, however degrees of displacement were measured along smaller-scale 
faults, ranging from 10 cm to ~5 m of lateral-shear movement. Using scaled photo 
imagery, displacement along major faults was estimated to measure greater than > 10 
m. The fault plane strike directions indicate a primary shortening strain directed NW-
SE, similar to the primary stress (1) and major shortening (3) directions associated 
with the syncline structure described in Section 5.1.1.  
5.2 SPATIAL RECONSTRUCTION OF STRATIGRAPHY 
By plotting the GPS coordinates of Stratigraphic station A to H localities on 
the delineated fold configuration, and taking into account dextral strike-slip 
movement along major and minor fault planes, the spatial arrangement of the eight 
measured Sedimentary logs SL-1 to SL-8 could be delineated on the vertical 
stratigraphic scale (Figure 5.4). As can be seen in the structural map (Figure 4.1), the 
hinge of the fold passes directly through the outcrop transect, trending axially at 235° 
and establishes that the Stratigraphic station locations along the coastline are situated 
on both the north-west and south-east limbs of the structural syncline.  A large scale 
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dextral strike-slip fault is also inferred to cut the fold hinge at an oblique angle, 
trending approximately ~325° and resulting in right-lateral displacement across the 
fault plane and therefore southern and northern Stratigraphic station localities. These 
structural configurations were translated into a vertical stacking profile for 
Sedimentary logs taken at each Station A-H, with relation to one another and can be 
seen in Figure 5.4.  
 
The variation in bed Strike orientations at all sites as a result of fault movement 
and tectonic deformation meant that Stratigraphic stations do not directly project 
onto the cross-section profile in the same order as the southeast-northeast trending 
cross-section profile. For this reason, the sedimentary logs taken at each Stratigraphic 
station are annotated to represent the vertical stratigraphic position, as well as the 
lateral position along the transect. The terminology is displayed in Table 5.1, 
whereby graphic sedimentary logs   are   denoted   as   ‘SL-1’   through   to   ‘SL-8’   are  
assigned to the particular Stratigraphic station in which they were taken, as described 
in the Methods, Section 4.3.2. The total estimated thickness of the turbidite sequence 
calculated from the structural analysis indicates a ~550-600 m thick package of 
Whakataki Formation strata at the field site. The total summed length of vertical 
stratigraphy measured from each of the Stratigraphic stations totalled a combined 
measurable length of 222.95.  
Table 5.1 Notation of measured sedimentary logs (SL) stratigraphic position relative to study site 
locations, stratigraphic stations (SS) 
Sedimentary log 
from basal 0 m 
Stratigraphic station Position on Syncline  
SL-1 SS-H NW limb 
SL-2 SS-G NW limb 
SL-3 SS-F NW limb 
SL-4 SS-E NW limb 
SL-5 SS-B SE limb 
SL-6 SS-A SE limb 
SL-7 SS-C SE limb 
SL-8 SS-D SE limb 
 
SL-1 (SS-H) represents the basal section of the examined succession, followed 
by SL-2 (SS-G) and SL-3 (SS-F) which are the northern most field sites and which 
all lay on the north-western limb of the syncline (Figure 5.2). Stratigraphically 
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upsection from SL-3 (SS-F) lays strata of SL-4 (SS-E), also located on the north-
west limb, south of SL-F on the coastal outcrop transect, with several small-scale 
strike slip faults between SS-E and SS-F disrupting bed orientations between these 
two sites (Figure 4.1). Up-section in vertical order from SL-4 (SS-E) was measured 
sequence SL-5 of Stratigraphic station B (SS-B), which was logged towards the 
southern end of the coastal outcrop transect (Figure 4.2), on the south-eastern limb of 
the syncline. This is followed upsection by SL-6 (SS-A), situated south of SS-B on 
the shoreline, however based on strike directions bedding at SS-A (average N30°E) 
and SS-B (average N20°E) and geographical positioning, results in correlations 
between lower strata of SL-4 (SS-A) and upper SL-5 (SS-B). Although physical 
geographic localities superficially suggest that stratum of SS-A may be lower in 
stratigraphic order, considering structural analysis of displacement and deformation 
along conjugate dextral strike-slip faults between these sections (Figure 4.1), it 
became evident that SL-5 (SS-B) is in fact slightly lower, or on an equivalent 
stratigraphic plane to SL-6 (SS-B; see Section 5.5). Upsection from SL-6 (SS-A) sits 
strata of the southeast limb, SL-7 (SS-C), followed up section by SL-8 (SS-D) also 
on the southeast syncline limb, and which is the uppermost examined vertical section 
of the outcrop. Based on the scale of lateral distance between Stratigraphic stations 
on the transverse profile which translates to vertical stratigraphic thicknesses, 
inferred fault displacement, and the spatial arrangement established using the 
syncline cross-section, lateral stratigraphic correlations are probable between some 
Sedimentary logs, and is discussed further in Section 5.8. The following section will 
provide the comprehensive sedimentological and stratigraphic results for each 
sedimentary log SL-1 through to SL-8, in stratigraphic order from the basal measured 
section SL-1 (SS-H), and then comprehensively evaluate spatial configurations and 
stratigraphic architecture of the entire examined succession in Section 5.8. 
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Figure 5-4 A) Spatial arrangement of sedimentary logs SL-1 through to SL-8 overlain onto composite 
structural synclyine profile from A-A’,B-B’  (Ballington,  2013),  B)  Map  of  cross-section profile and 
Stratigraphic station localities for reference C) Generalized stratigraphic log estimated from the cross-
section geometries. The localities of Stratigraphic station data points were projected onto the 
composite profile considering the bed strike orientations, as well as fault displacement between 
stratigraphic intervals.  
 
 
Based on the total thickness data and the spatial arrangement of sedimentary 
logs interpolated onto the cross section in Figure 5.2, it is evident that there were 
large measures of stratigraphy that were not examined in detail that lay between the 8 
stratigraphic stations (Figure 5.4). With the vertical organization of sedimentary logs 
SL-1 to SL-8 overlain onto the cross-section profile, the thicknesses of missing data 
between sections was estimated to equal between ~ 330-380 m and is illustrated in 
Figure 5.4c. As the cross-section in Figure 5.4a represents a composite stratigraphic 
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log, in which opposing limbs of the syncline correspond to laterally offset vertical 
sections, the total estimated thickness of the succession is not a direct reflection of 
true thickness at any particular reference point. That is, the estimated thicknesses of 
this cross-section profile do take account of spatial variations in bed thicknesses that 
may exist relative to proximal/distal zonations of the depositional sequence.  
 94 Chapter 5: Results 
 
5.3 SEDIMENTARY PETROGRAPHY 
The following section describes the petrographic characteristics of 24 thin 
sections of siliclastic sediment sampled from outcrop; including mineral 
composition, component abundance, matrix and cement characteristics, specific grain 
size distributions, grain morphology, and textural characteristics. Of these samples, 
22 are classified as sandstones and have been classified according to the Folk (Folk, 
1954) and Pettijohn (Pettijohn, 1987) classification schemes based on composition 
proportions of quartz, lithics and feldspar, in conjunction with the percentage matrix 
of the whole rock. The most dominant lithology observed was feldspathic lithic 
greywackes, with generally high (> 25 %) matrix proportions. Grain particles in all 
samples were fine to very-fine, and grains were generally sub-angular to sub-
rounded.  
 
5.3.1 Composition and component abundance 
Table 5.2 provides the bulk-point counting QFL proportions of 18 thin sections 
of sandstone samples. Petrographic analysis shows that the major components of the 
Whakataki Formation sandstones comprise: quartz and feldspar grains, lithic 
fragments of sedimentary, metamorphic and plutonic derivation, phyllosilicates, 
bioclastic particles, and intergranular matrix and cement: 
 
 Quartz: Quartz is the most abundant grain component of sandstones in the 
Whakataki Formation and accounts for 46.77 % – 64.12 % of all samples 
under the QFL ternary classification, with a calculated mean quartz 
abundance of 58.31 % for Ta-Tc Bouma intervals. Both monocrystalline 
(Qm) and polycrystalline quartz (Qp) grains are observed in the turbidite 
sandstone, where monocrystalline grains are the most abundant, consisting 
of both nonundulose or undulose grains, and polycrystalline quartz grains 
typically comprise more than three crystals (Qp>3) (Figure 5.5). The 
different classes of quartz grains indicate both plutonic and metamorphic 
provenance (Smith and Smith, 1985). 
 
 Chapter 5: Results 95 
Table 5.2 Bulk point counting data of QFL modal abundances in sandstone samples of the Whakataki 
Formation. Data is displayed as total number of grains counted, and proportion of total count for 
Quartz, Feldspar and Lithics. Table ordered according to stratigraphic location SS-A to SS-H, from 
proximal to distal along the field transect (refer to Figure. 4.1) 
SS SL 
Bouma 
Interval TS # 
Total 
count Quartz Feldspar Lithics 
A 6 Ta TS1.2 414 230 55.56% 115 27.78% 69 16.67% 
A 6 Tb TS1.4 450 260 57.78% 118 26.22% 72 16.00% 
A 6 Tb TS1.5 393 242 61.58% 67 17.05% 84 21.37% 
A 6 Tc TS1.1 459 260 56.64% 118 25.71% 81 17.65% 
B 5 Tb TS2.12 372 218 58.60% 76 20.43% 78 20.97% 
C 7 Tb TS2.31 393 252 64.12% 57 14.50% 84 21.37% 
C 7 Tc TS2.32 382 234 61.26% 73 19.11% 73 19.11% 
D 8 Tb TS3.3 372 228 61.29% 66 17.74% 78 20.97% 
D 8 Tc TS3.4 300 180 60.00% 66 22.00% 54 18.00% 
E (S) n/a Ta TS3.5 359 212 59.05% 75 20.89% 72 20.06% 
E (S) n/a Tb TS3.6 369 215 58.27% 85 23.04% 69 18.70% 
E (S) n/a Tc TS3.7 471 290 61.57% 100 21.23% 81 17.20% 
E 4 Tb TS3.81 390 221 56.67% 91 23.33% 78 20.00% 
E 4 Tc TS3.82 405 245 60.49% 88 21.73% 72 17.78% 
E 4 Tc TS2.4 321 186 57.94% 71 22.12% 64 19.94% 
F 3 Tb TS3.1 310 145 46.77% 86 27.74% 79 25.48% 
F 3 Tc TS3.2 351 191 54.42% 88 25.07% 72 20.51% 
G 2 Tc TS2.8 403 232 57.57% 87 21.59% 84 20.84% 
AVERAGE 






          
 
 Feldspar:  Feldspar content of the turbidite sandstones was significantly 
high, ranging from 14.50 % - 27.78 %, with a calculated mean of 22.07 % of 
all examined samples (Table 5.2). Both potassium feldspar grains (Fk) and 
plagioclase (Fp) were common (Figure 5.5), with plagioclase being most 
abundant. Potassium feldspar grains are frequently observed in a weathered 
state, altering to clays, and often replaced by calcite (Section 5.4).  
 
 Lithic Fragments: Lithic fragments are also considerably high in modal 
abundance, occurring in almost equivalent proportions to feldspar grains in 
most thin section samples. The total lithic (Lt) grain component of the 
Whakataki sandstones ranges from 16.00 & – 21.73 %, with a mean calculated 
of 19.59% (Table 5.2). The lithic fragments comprise variable provenances, 
with metamorphic (Lm), sedimentary (Ls) and plutonic (Lv) lithic fragments 
observed. Sedimentary lithics (Ls) were slightly more abundant, with a 
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particularly high proportion of glauconitic grains observed, being a notable 
compositional characteristic of the sandstone samples (Figure 5.5). Other 
distinguishable sedimentary lithic fragments consist of mudstone clasts, 
polycrystalline quartz and microcrystalline chert (Figure 5.5). Volcanic and 
Plutonic lithics were harder to distinguish and are beyond the scope of this 
research.
 
Figure 5-5 Photomicrographs of thin sections showing variability in sandstone mineral grain and 
intergranular matrix composition. A) SL-1, showing high calcite cement and calcite microfossil, B), 
SL-6, showing low matrix with high proportion of lithic grains, C) SL-8, fine grained detrital 
composition with calcite cement – phyllosilicate biotite is seen towards the bottom centre. D) SL-1 
(plane polarized light) highlighting larger glauconitic grains. Q – Monocrystalline quartz; Qp – 
Polycrystalline quartz; Pl – Plagioclase; K – Potassium feldspar; Gl = Glauconite; Ch = chert, Bi = 
Biotite, Ca = Calcite (cement and microfossils). Images are under at 10 x objective. 
 
 Phyllosilicates: Phyllosilicates observed in thin section consist primarily 
of micas, both muscovite and biotite. These are most common in the Tc-Td 
sample thin sections; though are also observed in the mud matrix of Tb 
sandstone samples (Figure 5.5c). Muscovite and biotite flecks were also 
observed in mudstone lithic clasts.  
 
 Bioclastic particles: Three of the examined thin sections contain abundant 
foraminifers’   fossils   (TS1.4,   TS1.5   and   TS3.4),   in   sandstone   samples   of  
 Chapter 5: Results 97 
the Tb and Tc sandstone beds, where they are particularly dense along 
muddy laminations (Figure 5.6). Carbonate skeletal remains of 
echinoderms are also commonly observed, as well as other microfossil 
species which could not be specifically identified. Carbonaceous matter 
was also commonly observed in the Tb and Tc sandstone samples, 
occurring as elongated wisps in plane with the bedding laminations and 
ripple fore-sets (Figure 5.6).  
 
 Matrix and Cement: There is some variability in matrix composition and 
proportion for the sandstone beds throughout the sequence. Based on 
visual evaluation of thin section petrography, the total matrix proportion 
for sandstone samples is estimated to range from ~15 - 55%, for 
sandstones of Ta, Tb and Tc intervals, and content comprising either, or 
both a muddy matrix with silt and clay sized particles, or carbonate 
cement, which is primarily equant calcite spar filling pore spaces between 
grains in an equicrystalline mosaic. Feldspars altering to clay minerals 
constitute a significant amount of matrix between larger stable grains 
forming a pseudo-matrix (Dickinson, 1970), and distinction between 
primary and secondary  
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Figure 5-6 Photomicrographs showing carbonate and foraminifera tests, particularly dense in areas 
with carbonaceous matter. A) TS1.4 (SS-A; SL-4)  – Various carbonate microfossils under plane 
polarized light, 4 x objective; B) TS1.4 (SS-A; SL-4)  - Various carbonate microfossils under plane 
polarized light, 10 x objective; C) TS1.4 (SS-A; SL-4)  – Echinoid microfossil test under plane 
polarized light, 10 x objective; D) TS3.4 (SS-D; SL-8)  – Foraminifera test under cross-polarized 
light, 10 x objective; E) TS3.4 (SS-D; SL-8)  - Various carbonate microfossils under cross-polarized 
light; 10 x objective 
 
clay matrix is difficult to constrain in some cases. Calcite cement is also 
often observed replacing weathered labile grains. In terms of stratigraphic 
variation, the thin section samples of stratigraphic stations SS-A, SS-B and 
SS-C demonstrated much higher proportions of clay and silt matrix content 
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calcite cement in pore spaces, generally associated with foraminifera or 
carbonate allochem tests. Samples from SS-D, SS-E, SS-F, SS-G and SS-
H on the other hand, either demonstrated a fairly even proportion between 
clay and calcite cement, or exhibited a higher proportion of calcite cement 
than muddy matrix.   
 
Table 5.2 demonstrates the QFL modal component abundances of the samples, 
with the matrix included as a proportion of total bulk rock. It is apparent that the 
modal mineral composition distributions are generally uniform for all sandstones, 
whether classified as Ta, Tb or Tc Bouma interval and irrespective of Stratigraphic 
station and Sedimentary log location.  The proportion of matrix or cement however 
does show some variability, both across Bouma interval divisions and throughout the 
vertical sequence (Table 5.3). As seen in Figure 5.7, plotting the QFL particle 
components for 18 sandstone thin section samples on the Folk (1957) ternary 
diagram demonstrates the bulk of data is clustered on the margin between lithic 
arkose and feldspathic litharenite. Using the Pettijohn (1980) classification scheme 
and adding the mean calculated matrix proportion of 36.8 % as a bulk rock 
component, the average classification for lithology of the Whakataki Formation is 
defined as a feldspathic lithic greywacke. However, there was variability in matrix 
composition and proportions, therefore separate rock names have been given to each 
examined thin section sample, as seen in Table 5.3. 
 





Arkose Lithic Feldspathic Litharenite 
        95                
  75                                                        
25                                     50                                      
Sublitharenite 
F 
Sandstone Classification (Folk, 1980) 
 
5.3.2 Grain Size Distribution and textural characteristics 
The grain size distribution of the Whakataki Formation samples is consistent 
with the appropriate divisions of the Bouma sequence and is documented here in the 
according nomenclature Ta-Td with the specific results for each examined thin 
section. Table 5.3 displays the major grain size distribution characteristics for 24 thin 
sections. An example photomicrograph is provided in both plane and cross-polarized 
light for a representative sample of Ta, Tb Tc and Td to illustrate dominant grain size 
and textural characteristics.  
Ta Massive Sandstone 
The Ta interval was rarely observed across the entirety of the outcrop, recorded 
at SS-A and SS-B, and also at an outcrop site south of SS-E (denoted as E (S)), in 
which no complete Sedimentary log was recorded and only samples were obtained 
for thin section analysis. Consistent with the description by Bouma (1962), the Ta 
beds are composed of relatively thick bedded, coarser-grained, structureless 
sandstones. All Ta intervals display sharp to erosive bases and occur as basal beds of 
Ta-c and Ta-d sequences.  Only 2 thin sections were petrographically analysed of the 
Ta interval; TS1.2 sampled from stratigraphic station SS-A; SL-5 (60G 435694, 
Figure 5-7 Folk  ternary diagram with 18 sandstone component proportions 
plotted. Data as seen in Table 5.2. 
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5476229, Figure 4.1), and TS3.5 sampled from the undesignated site south of 
stratigraphic station, SS-E (S) (60G 437101, 5479667; Figure 4.1). Table 5.4 below 
displays a summary of grain size and component abundances of these samples. The 
histogram plot of frequency % phi grain sizes demonstrates a unimodal distribution 
in both samples, fixed around the highest proportion of 3. A calculated mean grain 
size of 3.13  was recorded in TS1.2, and 3.24  in TS3.5, with a cumulative mean 
grain size of 3.18  (Table 5.4). These measurements classify the Ta interval 
sediments as very fine- to fine-sand according to the Wentworth Scale. The 
cumulative frequency curve seen in Table 5.4 for each sample displays a relatively 
steep slope, indicating moderately-well sorted grains. Statistical analysis obtained a 
standard deviation (σφ) of 0.55  and 0.64 , statistically establishing the sediments 
as moderately-well sorted according to the Folk and Ward (Folk and Ward, 1957) 
classification. The sediments are positively skewed at values of 0.25  and 0.5 , 
indicating they are fine- to strongly-fine skewed with the bulk weight towards the 
coarser proportion of sediments (Table 5.4). Petrographic analysis deemed the 
roundness of grains as sub-angular to subrounded, with the statistical roundness ratio 
average of 0.66, consistent with this description. Grains are relatively tightly packed 
in TS1.2 and TS3.5, with point, concavo-convex and sutured contacts dominant 
between grains, in a grain-supported fabric. However some grains were observed 
floating in a fine grained matrix, which also occurs in interstitial pore spaces between 
grains, in an overall relatively low proportion of total bulk-rock percent. The Ta 
sandstone displays some degree of textural maturity, with relatively low matrix and 
moderately well sorted grains; however the subangular rounding and very fine-grain 
particle sizes suggest the sediments of the rock also have immature textural 
attributes. 
 
Figure 5-8 Photomicrograph of sample TS1.2 – Ta sandstone interval from SS-A; SL-6. Left image 
shows thin section under plane polarized light; right image is under cross-polarized light. 
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Table 5.3 – Summary of grain size distribution data for 24 thin section samples. Organized by Bouma interval classification and stratigraphic station location (SS-A to SS-H), 
with reference to stratigraphic log vertical order (SL-1 to SL-8) 
Bouma 
Interval 
TS # SS SL Mean () Median () Mode () Sorting Sorting Classification Skewness Skewness Classification Roundness 
Ratio 
Matrix 
Ta TS1.2 A 6 3.13 3.11 2.90 0.55 Moderately well 0.25 Fine-skewed 0.67 50% 
Ta TS3.5 E (S) n/a 3.24 3.18 3.12 0.64 Moderately well 0.50 Strongly fine-skewed 0.66 25% 
MEAN    3.18 3.14 3.01 0.60     37.5% 
Tb TS1.4 A 6 3.37 3.32 3.21 0.57 Moderately well 0.94 Strongly fine-skewed 0.66 25% 
Tb TS1.5 A 6 3.21 3.15 3.27 0.49 Well 0.58 Strongly fine-skewed 0.66 15% 
Tb TS2.10 B 5 3.36 3.37 3.52 0.49 Well 0.00 Near symmetrical 0.63 35% 
Tb TS2.12 B 5 3.31 3.28 3.32 0.49 Well 0.46 Strongly fine-skewed 0.67 25% 
Tb TS2.31 C 7 3.41 3.40 3.72 0.61 Moderately well 0.28 Fine-skewed 0.66 40% 
Tb TS3.3 D 8 3.63 3.59 3.97 0.72 Moderately 0.52 Strongly-fine skewed 0.64 55% 
Tb TS3.6 E (S) n/a 3.28 3.17 3.15 0.59 Moderately well 1.00 Strongly fine-skewed 0.68 40% 
Tb TS3.81 E 4 3.25 3.20 3.11 0.56 Moderately well 0.52 Strongly fine-skewed 0.65 35% 
Tb TS3.1 F 3 3.79 3.77 3.99 0.69 Moderately well 0.59 Strongly fine-skewed 0.63 40% 
MEAN    3.40 3.36 3.44 0.58     34% 
Tc TS1.1 A 6 3.56 3.53 4.21 0.55 Moderately well 0.24 Fine-skewed 0.67 30% 
Tc TS2.9 B 5 3.51 3.55 3.79 0.32 Well -0.58 Near symmetrical 0.61 30% 
Tc TS2.32 C 7 3.51 3.54 3.64 0.36 Well -3.45 Coarse-skewed 0.63 40% 
Tc TS3.7 E (S) n/a 3.39 3.31 3.29 0.55 Moderately well 0.76 Strongly fine-skewed 0.67 55% 
Tc TS3.4 D 8 3.76 3.72 3.24 0.71 Moderately 0.09 Near symmetrical 0.64 50% 
Tc TS2.4 E 4 3.65 3.61 3.51 0.59 Moderately well 0.25 Fine-skewed 0.69 30% 
Tc TS3.82 E 4 3.58 3.57 3.86 0.62 Moderately well 0.42 Strongly fine-skewed 0.67 40% 
Tc TS3.2 F 3 3.82 3.79 4.32 0.65 Moderately well 0.37 Strongly fine-skewed 0.64 40% 
Tc TS2.6 G 2 4.19 4.13 4.41 0.60 Moderately well 0.29 Fine-skewed 0.63 30% 
Tc TS2.8 G 2 4.02 3.99 4.11 0.54 Moderately well 0.29 Fine-skewed 0.68 40% 
Tc TS2.11 H 1 4.22 4.24 1.41 0.64 Moderately well 0.49 Strongly fine-skewed 0.62 40% 
MEAN    3.75 3.73 3.62 0.54     39% 
Td TS1.3 A 6 4.86 4.84 5.11 0.70 Moderately  -0.04 Near symmetrical 0.65 85% 
Td TS3.9 E 4 4.57 4.47 4.47 0.81 Moderately  -0.35 Near symmetrical 0.66 75% 
MEAN    4.72 4.66 4.79 0.76     80% 
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Table 5.4 Summary of Ta sandstone grain size distribution data and component abundance  
Sample: TS1.2_Ta – SL-6; SS-A (60G 435694, 5476229) 
Grain  Size  Analysis  (φ) Component abundance 
 Mean  (Mφ) 
3.13 Quartz 55.56 % 
Median 
3.11 Feldspar 27.78 % 
Mode 
2.90 Lithics 16.67 % 
Sorting  (σφ) 






Tb Laminated Sandstone 
A total of eight thin sections were examined of Tb laminated sandstone 
samples, taken from representative Bouma sequences from Stratigraphic stations SS-
A, SS-B, SS-D, SS-E, SS-E(S) and SS-G. Beds of Tb are again consistent with 
Bouma’s   (1962)   description,   comprising particle sizes slightly finer than the Ta 
interval, and demonstrating fine laminations with internal grain size breaks. Table 
5.5 below shows the grain size and component abundance of each Tb thin section 
with an example photomicrograph of Sample TS1.4 (SS-A; SL-6) under plane and 
polarized light. The calculated mean grain size (M) of the examined Tb sandstones 
ranges from 3.21  - 3.82 , with a median range of 3.15  - 3.79 , indicating the 
primary particle size as fine- to very-fine sand, according to the Wentworth scale. 
Samples from the lower and upper vertical sequence Sedimentary logs, SL-3 (SS-F) 
and SL-8 (SS-D), comprise the finest-grained Tb sediments (mean 3.82  and 3.63  
respectively), with the coarsest Tb particles recorded in samples from the mid-
sequence in Sedimentary logs SL-4 (SS-E), SL-5 (SS-B), SL-6 (SS-A) and with 
mean grain sizes of 3.25 , 3.21 , 3.31  and respectively. All histogram plots 
Sample: TS3.5_Ta – SL-n/a;  SS-E (N) (60G 437101, 5479667) 
Grain Size  Analysis  (φ) Component abundance  
 Mean  (Mφ) 
3.24 Quartz 59.05 % 
Median 
3.18 Feldspar 20.89 % 
Mode 
3.12 Lithics 20.06 % 
Sorting  (σφ) 
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demonstrate a unimodal distribution, though with a variable particle size mode, 












 From the graphical data and statistical calculations, the skewness for all 
samples ranges from strongly-fine skewed to near symmetrical in mid-sequence 
samples of SL-5. Cumulative frequency curves of all samples generally demonstrate 
a moderate to steep slope, indicating fairly well sorted sediment particles. The 
calculated   standard   deviation   (σ) of Tb sandstones ranges from 0.49  in mid-
sequence Sedimentary logs SL-5 (SS-B) and SL-6 (SS-A), indicating well sorted 
sediments; to 0.72  in uppermost Sedimentary log SL-8 (SS-D), indicating 
moderately sorted sediments. The samples from all other sedimentary logs recorded 
standard  deviations  (σ) between 0.5-0.71  and classified as moderately well sorted 
sandstone. Sand sized particles in all of the Tb samples appear to be subangular to 
subrounded, with a calculated roundness ratio ranging between 0.64-0.68, indicating 
a slightly higher tendency towards subrounded grains. Major variation between the 
Tb sandstone samples derives from the proportion of matrix as a whole rock 
component, as well as grain packing and grain contact characteristics, which are 
interrelated to the matrix proportion and together account for the rock fabric. As seen 
in Table 5.5, samples from the basal and upper sedimentary logs SL-3, SL-4, SL-8 
have significantly higher proportions of matrix (30-55 %), which subsequently 
Figure 5-9 Photomicrograph of sample TS1.4 – Tb sandstone interval from SS-A; SL-6. Left image 
shows thin section under plane polarized light, right image is under cross-polarized light. Note the large 
glauconitic lithic grains. Shown at 10 x objective. 
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effects grain contacts as clayey particles and calcite cement fill interstitial pore 
spaces  and  individual  grains  tend  to  ‘float’  within  a  matrix-supported fabric. Samples 
of Tb sediments from the middle Sedimentary logs SL-5 and SL-6 however, have 
lower matrix proportions (~25 %), and the presence of point-, concavo-convex- and 
some sutured-grain contacts dominate, demonstrating more of a clast-supported 
fabric. Overall, the Tb sediments of the examined stratigraphy exhibit low to 
moderate textural maturity.  
 
Table 5.5 Summary of Tb sandstone grain size distribution and component abundance 
Sample: TS3.6_Tb – SL-n/a; SS-E (S) (60G 437101, 5479668) 
Grain  Size  Analysis  (φ) Component abundance  
 Mean  (Mφ) 
3.28 Quartz 58.27 % 
Median 
3.17 Feldspar 23.04 % 
Mode 
3.15 Lithics 18.70 % 
Sorting  (σφ) 





Sample: TS3.81_Tb – SL4; SS-E (60G 436918, 5479339) 
Grain  Size  Analysis  (φ) Component abundance  
 Mean  (Mφ) 
3.25 Quartz 56.67 % 
Median 
3.20 Feldspar 23.33 % 
Mode 
3.11 Lithics 20.00 % 
Sorting  (σφ) 








Sample: TS3.1_Tb – SL-3; SS-F (60G 437176, 5480000) 
Grain  Size  Analysis  (φ) Component abundance  
 Mean  (Mφ) 3.79 Quartz 46.77 % 
Median 3.77 Feldspar 27.74 % 
Mode 3.99 Lithics 25.48 % 







































































Sample: TS2.12_Tb – SL-5; SS-B (60 G435994, 5476470) 
Grain  Size  Analysis  (φ) Component abundance  
 Mean  (Mφ) 3.31 Quartz 58.60 % 
Median 
3.28 Feldspar 20.43 % 
Mode 3.32 Lithics 20.97 % 




Sample: TS1.5_Tb – SL-6; SS-A (60G 435694, 5476234) 
Grain  Size  Analysis  (φ) Component abundance  
 
Mean  (Mφ) 3.21 Quartz 61.58 % 
Median 3.15 Feldspar 17.05 % 
Mode 3.27 Lithics 21.37 % 
Sorting  (σφ) 0.49 Matrix ~15 wr% 
Skewness 0.58 Lithic Arkose 
Sample: TS1.4_Tb – SL-6; SS-A (60G 435694. 5476229)  
Grain  Size  Analysis  (φ) Component abundance  
 Mean  (Mφ) 3.37 Quartz 57.78 % 
Median 3.32 Feldspar 26.22 % 
Mode 3.21 Lithics 16.00 % 









Sample: TS2.10_Tb – SL-5; SS-B (60G 436034, 5476460) 
Grain  Size  Analysis  (φ) Component abundance  
 Mean  (Mφ) 
3.36 Quartz n/a 
Median 
3.37 Feldspar n/a 
Mode 
3.52 Lithics n/a 
Sorting  (σφ) 
0.49 Matrix ~ 35 wr% 
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Sample: TS2.31_Tb – SL-7; SS-C (60G 436177, 5477047) 
Grain  Size  Analysis  (φ) Component abundance 
 Mean  (Mφ) 
3.41 Quartz n/a 
Median 
3.40 Feldspar n/a 
Mode 







Sample: STS3.3_Tb – SL-8; SS-D (60G 436340, 5477560) 
Grain  Size  Analysis  (φ) Component abundance  
 Mean  (Mφ) 3.63 Quartz 61.29 % 
Median 3.59 Feldspar 17.74 % 
Mode 3.97 Lithics 20.97 % 





Tc rippled sandstone 
Beds of the Tc rippled sandstone Bouma Interval are the most common 
division in the Whakataki formation turbidites, occurring consistently over the 
entirety of the examined outcrop and thus throughout the vertical stratigraphy. A 
total of eleven thin sections were examined of the Tc sandstone samples, 
representing sediments of each Stratigraphic station A-H. The mean grain size for all 
samples is slightly finer than Tb particles of the same genetically related Bouma 
sequence with which the sample was taken (Table 5.3). The calculated mean particle 
size (M) for the examined Tc sandstone ranges from 3.39  - 4.22 , and the median 
from 3.31  – 4.24 . This indicates the sediments are very fine-grained particles, 
bordering on coarse silt. As was the case for the Tb sandstones, the basal 
Sedimentary logs SL-1 (SS-H), SL-2 (SS-G) and SL-3 (SS-F) exhibited the finest-
grained particles (mean 4.22, 3.82 3.79, 4.19 and 4.02 ; Table 5.3 & Table 5.6). 
Grain size increased up-section in recording mean grain sizes of 3.37  and 3.21  in 
SL-6 (SS-A) and 3.36  and 3.31  in SL-5 (SS-B); however the coarsest particles 
were recorded from Stratigraphic station SS-E, SL-4, measuring a mean grain size of 
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ranging from the coarsest modal particle size 3.29  in Stratigraphic station 8, to the 
finest of 4.32  in Stratigraphic station 1.  
 
 
The grain size distribution demonstrated variable degrees of particle skewness 
in samples of Tc sandstone, ranging from -3.45 to 0.76, classified between coarse-
skewed, near symmetrical, fine-skewed and strongly-fine skewed. The majority of 
samples were recorded as fine-skewed (Table 5.3). Sorting of sediments in Tc thin 
section samples range from moderately -sorted to well-sorted, with the majority 
being moderately-well sorted according to the Folk and Ward (1957) classification, 
with   standard   deviations   (σ) calculated between from 0.32 - 0.71 . This is also 
illustrated by the relatively steep curvature of the cumulative frequency curves for 
each sample, as depicted in the graphic representation of grain-size distributions in 
Table 5.6, visual assessment of particle roundness by petrographic analysis indicates 
that sediments are primarily subangular to subrounded, consistent with grain 
rounding characteristics in the Ta and Tb sandstones. The calculated mean grain-
roundness ratio for the Tc was recorded as ranging from 0.61-0.69, indicating the 
texture as slightly more subrounded than subangular. Grain packing is fairly tight in 
Tc samples, with contacts between individual grains commonly exhibiting point-, 
concavo-convex- or sutured-grain boundaries. These contacts are disrupted in most 
samples however, specifically of sedimentary logs SL-1, SL2, SL-3, SL-4, SL-7 and 
SL-8, due to authigenic clay and calcite mineralization which surrounds grain 
particles,  resulting  in  a  ‘pseudo-floating’  grain  texture.  The  matrix  component  of  all  
Figure 5-10 Photomicrograph of sample TS3.82 – Tc sandstone interval from SS-E; SL-4. Left 
image shows thin section under plane polarized light, right image is under cross-polarized light. 
Note the high proportion of calcite cement and zircon grain in the centre of field of view. Shown at 
10 x objective. 
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examined Tc sandstone thin sections accounts for a significantly large proportion of 
the bulk rock composition. Matrix proportions range from ~30-55%, and comprise 
both muddy matrix and calcite cement, which commonly forms rims around grains, 
fills intergranular pore spaces and often replaces labile minerals. The high matrix 
proportion indicates the Tc sandstone samples are relatively texturally immature, 
however the subangular to subrounded grains and moderately well sorting indicates 
the individual grain particles show some degree of textural maturity as well.  
 
Table 5.6 Summary of Tc sandstone grain size distribution and component abundance for 11 thin 
sections 
Sample: TS2.11_Tc – SL-1; SS-H (60G 437400, 5480602) 
Grain  Size  Analysis  (φ) Component abundance 
 Mean  (Mφ) 4.22 Quartz n/a 
Median 4.24 Feldspar n/a 
Mode 4.41 Lithics n/a 
Sorting  (σφ) 0.64 Matrix ~ 40 wr% 
Skewness 0.49 Greywacke 
Sample: TS3.2_Tc – SL-2; SS-G  (60G 437175, 5479998) 
Grain  Size  Analysis  (φ) Component abundance 
 Mean  (Mφ) 3.82 Quartz 54.42 % 
Median 3.79 Feldspar 25.07 % 
Mode 4.32 Lithics 20.51 % 




Sample: TS2.8_Tc – SL-3; SS-F (60G 437174 5479887) 
Grain  Size  Analysis  (φ) Component abundance  
 Mean  (Mφ) 4.02 Quartz 57.57 % 
Median 3.99 Feldspar 21.59 % 
Mode 4.11 Lithics 20.84 % 



























































Sample: TS2.6_Tc – SL-3; SS-F (60G 437174 5479887) 
Grain  Size  Analysis  (φ) Component abundance  
ф Mean  (Mφ) 4.19 Quartz n/a 
Median 4.13 Feldspar n/a 
Mode 4.14 Lithics n/a 
Sorting  (σφ) 0.60 Matrix ~40 wr% 
Skewness 0.63 Greywacke 
Sample: TS2.4_Tc – SL4; SS-E (60G 436919, 5479308) 
Grain  Size  Analysis  (φ) Component abundance (%) 
 Mean  (Mφ) 3.65 Quartz 57.94 % 
Median 3.61 Feldspar 22.12 % 
Mode 3.51 Lithics 19.94 % 
Sorting  (σφ) 0.59 Matrix ~30 wr% 
Skewness 0.25 Feldspathic Lithic Greywacke 
Sample: TS3.82_Tc – SL4; SS-E (60G 436918, 5479339) 
Grain  Size  Analysis  (φ) Component abundance  
 Mean  (Mφ) 3.58 Quartz 60.49 % 
Median 3.57 Feldspar 21.73 % 
Mode 3.86 Lithics 17.78 % 




Sample: TS2.9_Tc – SL-5; SS-B (60G 435998, 5476458) 
Grain  Size  Analysis  (φ) Component abundance 
 Mean  (Mφ) 3.51 Quartz n/a 
Median 3.55 Feldspar n/a 
Mode 3.79 Lithics n/a 
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Sample: TS1.1_Tc – SL-6; SS-A (60G 435694, 5476229) 
Grain  Size  Analysis  (φ) Component abundance  
 Mean  (Mφ) 3.56 Quartz 56.64% 
Median 3.53 Feldspar 25.71 % 
Mode 4.21 Lithics 17.65 % 




Sample: TS2.32_Tc – SL-7; SS-C (60G 436177, 5477047) 
Grain  Size  Analysis  (φ) Component abundance 
 Mean  (Mφ) 3.51 Quartz n/a 
Median 3.54 Feldspar n/a 
Mode 3.64 Lithics n/a 
Sorting  (σφ) 0.36 Matrix ~ 40 wr% 
Skewness -3.45 Greywacke 
Sample: STS3.4_Tc – SL-8; SS-D (60G 436340, 5477560) 
Grain  Size  Analysis  (φ) Component abundance  
 Mean  (Mφ) 3.76 Quartz 60.00 % 
Median 3.72 Feldspar 22.00 % 
Mode 3.24 Lithics 18.00 % 






Two thin sections of Td siltstone Bouma intervals were analysed using optical 
microscopy. Due to the fine-grained nature of siltstone samples with a majority of 
silt-sized particles measuring less than < 63 µm and a significantly high proportion 
of clay matrix, comprehensive grain-size distribution calculations were more difficult 
(Figure 5.11). Therefore 100 larger grains that could be observed under the 
petrographic microscope and were digitally analysed for grain size parameters, may 
not represent a true distribution of all grains in the sample. However the results of are 
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Table 5.7 – Summary of grain size distribution in Td siltstone samples. Note component abundances 
could not be calculated by point-counting methods for siltstone samples. 
Sample: STS3.9_Td – SL-4; SS-E (60G 436195, 5479339) 
Grain  Size  Analysis  (φ) Component abundance  
 Mean  (Mφ) 4.57 Quartz n/a 
Median 4.47 Feldspar n/a 
Mode 4.47 Lithics n/a 
Sorting  (σφ) 0.81 Matrix ~75 wr% 
Skewness -0.35 Siltstone/Mudstone 
Sample: TS1.3_Td – SL-5; SS-A (60G 435694, 5476229) 
Grain Size  Analysis  (φ) Component abundance 
 Mean  (Mφ) 4.86 Quartz n/a 
Median 4.84 Feldspar n/a 
Mode 5.11 Lithics n/a 
Sorting  (σφ) 0.70 Matrix ~ 80 wr% 
Skewness -0.04 Mudstone 
 
 
The mean grain size calculated for Td siltstone samples ranges from 4.86  – 
4.57 , the latter coarser-grained distribution recorded from lower in the vertical 
sequence at SL-4 (SS-E). The skewness of sediments calculated for these samples is 
likely to be inaccurate due to inability to measure fine-grained clay matrix particles. 
However the visual assessment of percentage clay matrix indicates that SampleTS1.3 
of SL-6 (SS-A) may classify as a mudstone according to Stow (1980), with a greater 
Figure 5-11 Photomicrograph of sample TS1.3 – Td siltstone interval from SS-A; SL-6. A) Thin 
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proportion of < 63µm sized grains. Sample TS3.9 from SL-7 (SS-E) may also 
classify as a mudstone or a siltstone, inferred to comprise a higher proportion > 66 % 
between 4 µm – 63 µm (Stow, 1980). Sorting was calculated at 0.70  – 0.81 , 
indicating moderately-well to moderately sorted grain distributions, which again is 
likely to have been influenced by the inability to measure the finest clay-size 
particles in optical microscopy.  
5.4 SCANNING ELECTRON MICROSCOPY (SEM) - GRAIN FABRIC, 
MATRIX AND DIAGENETIC PRODUCTS 
As seen in Table 5.3, the percentage matrix estimated from thin section 
petrographic analysis was variable throughout the vertical sequence of sedimentary 
logs SL-1 to SL-8. Matrix composition was also variable, comprising either, or both, 
fine-grained clay matrix and/or calcite cement. Thin section samples from all 
Sedimentary logs exhibited a relatively high proportion of calcite cement, except for 
samples from the southernmost stratigraphic stations SL-6 (SS-A), which were 
dominated by muddy matrix with minimal calcite mineralization observed. Scanning 
Electron Microscopy (SEM) was implemented to allow for a higher-resolution 
investigation of intergranular matrix composition and structure, as well as imaging of 
grain textural characteristics, grain packing and contacts, and other notable diaginetic 
products of five polished thin section samples from the vertical stratigraphy at the 
Whakataki field site (Figures 5.12, 5.13 and 5.14). 
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Figure 5-12 A) Backscattered electron image of TS3.1 showing calcite cement and 
clay matrix between grains; B, C, D) Elemental map of image showing Ca, Si and K 
respectively. Ca is observed a framework cement surrounding more labile minerals. 
E) Backscattered electron image of TS3.4 showing carbonate microfossil with 
internal framboid pyrite mineralization. F, G & H) Elemental maps of image 
showing Ca, Si and S respectively, highlighting calcite cement and pyrite mineral 
phase. Illmenite is seen in lower left corner of E & H. Q= quartz, K=K-feldspar, P = 
plagioclase, Ca =calcium, Cl=Chlorite, Illm=Illmenite 
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Figure 5-13 – A) Backscattered electron image of TS3.3, B) Mixed elemental map highlighting Ca, Si 
and C as annotated in a. C) Backscattered electron image of TS3.6 showing calcite infilling pore space 
with smectite clay. D, E, F, G, H) Elemental maps highlighting Ca, K, Na, Si, Al respectively. Q= 
quartz, K=K-feldspar, Pl = plagioclase, Ca =calcium, C=Carbon, Ill= Illite, Sm=smectite 
 
 
As can be seen in Figure 5.12 and 5.13, calcite cement tends to envelop 
framework   grains,   producing   a   ‘floating’   texture   in   some   areas,   suggesting  
authigenic calcite precipitation and replacement of siliclastic minerals and original 
detrital mud matrix. The backscattered electron images are also displayed in these 
figures as elemental maps of major constituent element phases, highlighting the 
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relationships between calcite cements and framework grains.  Figure 5.12 (E) 
displays a microfossil allochem in which a calcite cement has overgrown and 
enveloped the carbonate test and other surrounding framework grains.  
As seen in the images below of Figure 5.14, feldspars are often in a state of 
dissolution, particularly plagioclase grains which are frequently weathered and 
partially replaced by calcite cement. Potassium feldspar grains and quartz grains are 
generally less weathered, however dissolution is observed in some particles. 
Dissolution of feldspar grains is often associated with clay matrix of chlorite, 
montmorrilinite and illite, with examples shown the backscattered images in Figure 
5.14, suggesting alteration of feldspars contributes significantly to the high mud 
matrix  proportion  observed  in  greywacke’s  of  the  Whakataki Formation. Figure 5.14 
(C, D, E and E) then illustrate disordered detrital clays which most likely represent 
primary matrix. 
Figure 5-14 Backscattered electron images showing variable clay matrix 
compositions. (A & B) Plagioclase weathering to smectite; (C, D, E, F) Detrital 
clays, including smectite, illite and muscovite 
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Pyrite mineralization was commonly observed as a diagenetic product in the 
form of euhedral framboids, wispy micro-laminae, and irregular globular crystal 
shapes, and was most commonly associated with carbonate microfossils, iron-rich 
clays, and carbonaceous material (Figure 5.15). Evidence of compaction and burial 
diaginetic processes was also observed, with dissolution along grain boundaries 
producing sutured grain contacts and crushed foraminifera tests (Figure 5.12, 5.13, 
5.15). The degree of compaction was variable within each particular sample, wherein 
some grains exhibit sutured, and concavo-convex grain contacts directly between 
grains, and others of the same sample were observed to be floating in surrounding 
matrix. The degree of compaction therefore could not be related directly to vertical 
stratigraphic position. 
 
Figure 5-15 A, B, C, D, E) Backscattered electron images showing diagenetic features of pyritization, 
commonly associated with calcareous and carbonaceous fragments; E, F, G & H).And showing 
compaction and burial deformation within grains and carbonate microfossils (Q= quartz, K=K-
feldspar, Pl = plagioclase, Ca =calcium, C=Carbon, Bi=biotite, Py=Pyrite, Qo=Quartz overgrowth 
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5.5 X-RAY DIFFRACTION (XRD) – MINERALOGICAL 
COMPOSITON 
Five whole rock samples were selected from strategic points throughout the 
vertical stratigraphy to be mineralogically analysed using X-ray diffraction, to 
increase compositional information obtained from thin section petrographic analysis 
and to qualitatively and semi-quantitatively define clay mineralogy. Four of these 
samples represented sandstone of Tc and Tb intervals, with one of claystone interval 
Te, from sedimentary log SL-8. Table 5.8 seen below displays the XRD results 
obtained from both bulk powder analysis and clay-fraction analysis of the five 
selected samples. The major mineral constituents were primarily the same in all 
samples with variations in relative abundances, comprising phases of; quartz, albite, 
muscovite, potassium feldspar, calcite, diopside, and pyrite; as well clays of illite, 
chlorite, montmorillinite and kaolin (Table 5.8).  
Table 5.8 XRD bulk-powder and fine-fraction chemical analysis raw data for five rock samples from 
SL1, SL-2, SL-4, SL-6 and SL-8. 
Clay-Fraction  
Sample  Illite Chlorite Kaolinite Smectite 
Tc_SL-1; SS-H Major Major - Major 
Tc_SL-2; SS-G Major Moderate Minor Major 
Tc_SL-4; SS-E Major Major - Major 
Tb_SL-6; SS-A Major Moderate - Major 
Te_SL-8; SS-D Major Major - Major 
 
Four samples exhibited anomalously high proportions (> 10 wt%) of 
amorphous or non-diffracting phases, most likely owing to high composition of 
disordered smectite matrix, or high proportions of carbonaceous matter. Quartz was 
the most abundant mineral phase in all samples ranging from 32.6 – 41. 6 % in 
































































Tc_SL-1; SS-H 35.3 11 19.5 5.5 0 3 0.1 5.4 0.3 1.3 18.5 
Tc_SL-2; SS-G 32.6 2.6 18.3 4.9 1.9 2.5 0.3 10.1 0.5 0.7 25.1 
Tc_SL-4; SS-E 41.6 4.3 19.2 7.1 0 2.4 0.3 5 0.2 1.4 18.4 
Tb_SL-6; SS-A 54.9 0 18.3 9.3 0 1.2 0.7 2.9 0 1.6 11 
MEAN SST 41.1 4.5 18.8 6.7 0.5 2.3 0.4 5.9 0.3 1.3 18.3 
Te_SL-8; SS-D 20.4 4.2 15.2 3.4 0 10.8 0 15.3 0.2 0.7 29.8 
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sandstone samples of Tb and Tc intervals, and 20.4 % in Te claystone. Feldspar 
proportions were significantly high in all samples, particularly of sodium plagioclase, 
ranging from 18.3 – 19.5 % in sandstones, with 15.2 % recorded in Te claystone. 
Potassium feldspar was also high but comparatively less than plagioclase, ranging 
from 5.5 – 9.3 % in sandstone samples and 3.4 % in mudstone. The proportion of 
calcite varied in the sample set, with 11 % recorded in sandstone of the lowermost 
measured Sedimentary log SL-1 (SS-H), to a nil reading of 0 % in the mid-sequence 
SL-6 (SS-A), to moderate abundance of 4.3 % in sandstone sample of SL-4 (SS-E), 
and 4.2 % in mudstone sample of the uppermost measured sequence SL-8 (SS-D). 
The calcite proportion is attributed primarily to carbonate cement observed in thin 
section petrography, and the absence of any calcite phase detected in the XRD results 
for SL-6 corroborates with thin-section observations. Recorded phase abundance of 
accessory minerals pyrite and diopside were noteworthy, as these had not been 
detected in petrographic thin section analysis as they occur in relatively small 
abundances.  
Fine-fraction XRD analysis enabled distinction of the clay components and 
semi-quantitative proportions, resolving weak readings on bulk powder analysis of 
the same samples. Illite was detected as the most abundant clay phase occurring in 
the form of muscovite, although was also observed in thin section to occur as biotite 
in some samples. Chlorite was also a major clay phase in samples from the lower 
(SL-1), mid- (SL-4) and upper sequences (SL-8), particularly abundant in the Te 
claystone sample of SL-8 (SS-D), recorded as 10.8 % of the whole rock composition 
in bulk powder analysis. Chlorite was  measured  less significant in the sandstone 
samples ranging from 1.2 – 3 %, being the lowest in mid-sequence Sedimentary log 
SL-6 (SS-A). Smectite was detected as major clay component in all samples by fine-
fraction analysis, detected in the phase of montmorillinite in bulk powder analysis. 
Although the clay-fraction XRD detected smectite as a major phase in the claystone 
Te sample of SL-8 (SS-D) as seen in Table 5.4, the bulk rock analysis recorded a 
zero percent montmorillinite composition. This demonstrates the importance of 
including the fine-fraction analysis to specifically evaluate the finest (< 5µm) 
fraction that produces weak peaks on a bulk-rock analysis, and which may remain 
undetected.  
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5.6 FACIES CLASSIFICATIONS 
Of the total examined vertical stratigraphy measured at Whakataki, almost all 
individual beds were consistent with the classic turbidite model of the Bouma 
Sequence, demonstrating particular grading patterns and sedimentary structures 
associated with deposition from a discrete turbidity current. In this analysis, the 
Bouma divisions Ta-Te serve as a sub-facies, with already established and described 
inherent sedimentological characteristics and depositional process interpretations 
(Bouma, 1962). Field observations, petrographic classifications and mineralogical 
data described in the previous sections, provides detail to the Bouma sequence bed-
scale facies that is specific to the turbidites of the Whakataki Formation examined at 
the given field site. Table 5.9 below shows the major characteristics of discrete 
turbidite beds in the examined formation from these results, obtained by the mean 
average of grain size statistics for each interval (Table 5.3), and includes overall 
noteworthy characteristics of each division, such as sedimentary structures and 
carbonate component abundance. 







Sorting Matrix % 
(Clay + 
CaCo3) 
Lithology Notable characteristics 
Ta 3.18 Moderately 
well 
25 % Feldspathic 
lithic 
greywacke 
Massive texture, little to moderate calcite 
cement, authigenic pyrite 
Tb 3.40 Moderately 
well 
34 % Feldspathic 
lithic 
greywacke 
Planar laminations, normal grading, 
carbonaceous material and carbonate tests 
common, calcite cement common, 
authigenic pyrite common 
Tc 3.75 Moderately 
well 





Ripple cross-beds, climbing ripples, 
convolute bedding, flaser laminations, 
carbonaceous material and carbonate tests 
common, calcite cement common, 
authigenic pyrite common 
Td 4.72 Moderately 80 % Siltstone/ 
Mudstone 
Planar laminations, high claystone matrix, 
authigenic pyrite common 
 
Te Clay n/a 100 % Claystone Muscovite highly dominant in abundance, 
as well as chlorite, authigenic pyrite 
common 
 
With the foundation of the Bouma facies scheme and nomenclature, broader 
lithofacies have then been defined with reference to the scheme of Mutti and Ricci 
Lucchi (1972; Section 2.3), wherein small-scale associations between partial Bouma 
sequences are grouped together based on stacking patterns, bed thickness, variations 
in sedimentary structure, and ichnofaunal assemblages, and are described with 
relevant process interpretations (Table 5.10). From these lithofacies, facies 
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associations have also been identified, classifying larger-scale facies successions 
with reference to the depositional environment, and are described in detail in the 
following section. 
5.6.1 Sedimentary structures  
Sedimentary structures consistent with those described in the Bouma Sequence 
include massive sandstone beds of Ta, parallel laminated sands of Tb, ripple 
laminated sandstone and siltstone of Tc, and very-fine parallel laminations of Td 
siltstone beds. Massive sand beds of Ta were rarely observed in the study area, 
however where they did occur demonstrated sedimentary structures associated with 
high-velocity and high-capacity turbidity currents, including erosional bases with rip 
up-clasts of mudstone and carbonaceous material, and large scale flame structures 
(Figure 5.16). Laminated sandstone of the Tb interval is commonly observed as the 
basal bed of incomplete Bouma sequences and displays sharp, flat bases. Individual 
laminations in these beds generally demonstrate 0.1-1cm partings and exhibit sharp 
internal bases between laminae, with gradational to sharp tops. In Sedimentary logs 
SL-5 (SS-B) to and SL-6 (SS-A),  where thicker beds of the coarser-grained Tb 
division occur, internal zones of reverse grading and erosional bypass interfaces are 
noted between amalgamated Tb sand bodies, sometimes seen with upwards reverse-
grading upwards into a massive sand bed, followed by normal grading into laminated 
Tb sandstone (Figure 6.8; Chapter 6).  
 
 
Figure 5-16 Large-scale flame structure observed in Ta sandstone bed at site SS-A 
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The erosive bases of Tb beds in SL-5 and Sl-6 were often observed with mud 
and carbonaceous rip-clasts at their bases, as well as large-scale flame structures, 
similar to structures observed in Ta sandstones. Carbonaceous material was 
frequently observed interbedded with the fine-sandstone laminations of Tb 
sandstones, particularly in the upper sequences of SL-5, through to SL-8. (Figure 
5.17). Laminated basal Tb sandstone beds of lower sequence Sedimentary logs SL-1, 
2, 3, 4 and upper sequence Sedimentary logs SL-7  and  8  displayed  thinner  spacing’s  
between laminae with less distinctive internal grain size breaks. 
 
Figure 5-17 Sedimentary structures observed in the Tb intervals at SS-A. Note the carbonaceous 
content, occurring within planar laminated horizons 
 
Distinct variability was observed in sedimentary structure of the Tc rippled 
sandstone facies throughout the total measured sequence, as illustrated in Figure 
5.18. Sigmoidal trough-cross bedding was most common in all sedimentary logs SL-
1 to SL-8, however tangential trough cross-ripples and very rare tabular ripple cross-
bedding was observed. Ripple cross-bed slope angles were generally low throughout 
the entire sequence, measured between a maximum of 30°, to as low as 2° in some 
beds, where ripple laminations transitioned upwards into planar laminations (Figure 
5.18). Sets of ripple-bedding were observed as starved ripples interbedded with 
mudstone, or as cosets of sub-critically-, critically- and super-critically climbing 
ripple cross-beds resulting in stacked sets of variable thicknesses.  
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Bedsets of ripple laminated sandstone Tc division of lower sequence 
Sedimentary logs SL-1, 2, 3, 4 and upper sequence Sedimentary logs SL-7 and 8, 
were generally thinner and noted to comprise dominantly starved, and sub-critically 
climbing ripple- cross-beds with internal tangential and sigmoidal cross-laminae. The 
ripple fore-sets were frequently interlaminated with mud and siltstone drapes in 
variable proportions forming lenticular, wavy and flaser bedding patterns (Figure 
5.18). Convolute bedding was commonly observed in thinly bedded successions of 
the upper stratigraphic logs SL-7 and SL-8, disrupting original ripple-cross bed 
stratification.  
The Tc intervals of the mid-sequence Sedimentary logs SL-5 (SS-B) and Sl-6 
(SS-A) were dominated by thicker stacked cosets of sub-critically, critically and 
supercritically climbing ripples (~10-40 cm beds), which were often heavily 
convoluted and in some places exhibited sharp grain size breaks from underlying Tb 
laminated sandstones (Figure 5.18f). Sharp bounded planar ripple fore-sets were 
noted at the basal interface of such grain size breaks, grading upwards into sigmoidal 
and tangential trough-cross bedded ripples or convolute bedding (Figure 5.18d). 
Flaser and wavy bedding was commonly observed in Tc sands of SL-5 (SS-B) and 
SL-6 (SS-A), at times displayed small-scale internal reactivation surfaces draped 
with mud, indicating periods of erosion of underlying ripple sets. Starved ripple sets 
were also observed in measured sequences of SL-5 and SL-6, occurring in condensed 
successions of thinly interbedded sandstone and mudstone couplets, at the tops of 
thinning upwards stacked turbidite successions. 
The rare observation of bi-directional ripple cross-beds was noted in SL-1 (SS-
H) shown in Figure 5.18a and of oppositely directed ripple flow directions in 
consecutive turbidite beds of SL-5 (SS-B) and SL-8 (SS-D). As seen in Figure 5.18a, 
bi-directional ripples were observed in one discrete sandstone/siltstone interval of 
SL-1 (SS-H), with reconstructed paleo-flow directions to the northeast and southwest 
(Section 5.1.3). It is possible that this bed represented a transverse cross-section view 
of uni-directional trough-cross ripple cosets. Figure 5.18c and 5.18d below illustrates 
two different current directions recorded in the ripple cross-laminations of SL-5 (SS-
B), wherein the overbearing direction recorded throughout the sequence was to the 
northeast, as seen in image C;  however, Image D shows a sandstone unit of the same 
Sedimentary log SL-5, higher in the sequence, which demonstrates a ripple flow 
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direction to the south. This was only observed distinctly in two beds of this particular 
sequence, however the same was also observed in two consecutive turbidite event 
beds in Sedimentary log 8 (SS-D). There were also rare occurrences of ripple beds 
that resemble small-scale hummocky-cross stratification, displaying vertical 
symmetrical aggradation at the ripple crest (Figure 5.18E), seen in SL-1 and SL-5. 
Again, these may be transverse profiles of trough-cross bedding. 
 
 
Figure 5-18 Sedimentary structures observed in the Tc Bouma interval. A & B) SL-1, showing 
bidirectional ripple flow directions within discrete and consecutive beds. Flow direction marked by 
black arrow. C & D) SL-5 showing starved ripple flowing NE and oppositely directed SW flow in a 
consecutive bed higher in the sequence. E) Aggradational ripple, resembling hummocky-cross 
stratification. F) Highly convoluted bedding in Tc. G) SL-8, starved ripples. H) SL-8, consecutive 
beds with opposite ripple cross-bedding directions 
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Sole marks were commonly observed in the Whakataki Formation, found on 
the basal surfaces of Tb and Tc sandstone beds across the outcrop which dips steeply 
to reveal basal contacts. Sole marks recorded consist of both scour and tool marks, 
with asymmetric flute casts and lineated groove casts being particularly common. 
Secondary soft-sediment deformation is highly prevalent throughout the sequence, 
and is particularly intense in the mid- and upper-sequences of the examined vertical 
stratigraphy (Figure 5.19). Sandstone and siltstone Tc beds of mid-sequence 
Sedimentary logs SL-5 (SS-B) and SL-6 (SS-A) are often crudely rippled or the 
ripple structures completely deformed, as convolute bedding has significantly 
disrupted the original bedforms (Figure 5.19). Large scale flame structures (up to 
20cm) are also observed in thicker bedded sandy sequences, particularly in 
Sedimentary logs SL-5 (SS-B) and SL-6 (SS-A), found in the Ta, Tb and sandstone 
units (Figure 5.16). Large flame structures were also noted in the sample location 
Stratigraphic station E-South (SS-E (S); between SS-E and the fold hinge along the 
coastal field transect). Other soft-sediment deformation features included load 
structures, slumped beds, water-escape structures, and ball-and-pillow structures, 
which are observed increasing in prevalence and scale in upsection, with particularly 
significant deformation in Sedimentary log SL-8 (SS-D), as seen in the Figure 5.19 
below.  
 
Figure 5-19 A- Sole marks on the base of sandy turbidite bed; B – Large ball & pillow structures (SS-
E; SL-4); C& D - Soft-sediment deformation features, large water escape structures and contorted 
bedding SS-D; SL-8) 
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5.6.2 Ichnofossils 
Trace fossils are abundant in the Whakataki Formation. The examined turbidite 
strata demonstrated moderate ichnofaunal diversity, and fossil populations 
demonstrate from low to very high densities in particular measures of the vertical 
sequence. There was a regular occurrence of specific ichnofaunal assemblages, 
which were associated with both internal lithological characteristics of discrete 
turbidite beds, and the larger-scale sandstone/mudstone ratios and bed thickness 
characteristics of the complete turbidite formation. Ethologically, these ichnofossils 
represent a particular set of behavioural classifications according to Seilacher (1953); 
Repichnia (crawling), Paschichnia (grazing), Fodichnia (feeding) and Domichnia 
(dwelling). Taxonomically, seven major ichnogenera have been identified from the 
sequence; Skolithos, Planolites, Thalassinoides, Scolicia, Spirophyton, Zoophycos, 
and Chondrites (Figure 5.20). These ichnogenera have been classified under four of 
Seilacher’s   (1953) archetypal ichnofacies; Skolithos, Cruziana, Zoophycos and 
Nereites. Two unidentified trace fossils were documented in Stratigraphic station 7 
(Figure 5.20).  
A distinguishable ichnofossil tiering profile was apparent in the Whakataki 
Formation, associated with layering of the Bouma sequence intervals and comprising 
a  background  “pre-turbidite”  suite,  and  an  opportunistic  “post-turbidite”   (Seilacher, 
1962; 1964). The pre-turbidite assemblage comprised burrows cast on the soles of 
turbidite beds and of burrows in the upper muddy Bouma intervals Td and Te, 
formed as burrows were excavated into mudstone that accumulated between sandy-
gravity flow events, and included Chondrites, Planolites, Thalassinoides and 
Spirophyton (Figure 5.20). The post-turbidite suite comprised traces constructed 
within the sandy intervals of turbidite beds after turbidity current deposition, and 
included Skolithos, Planolites, Scolicia and Zoophycos. Not all ichnogenera of both 
pre- and post-turbidite suites were found together in any singular turbidite event bed, 
rather they were found in distinct groupings of particular ichnofossils, which vary 
throughout the vertical stratigraphy.  
 The greatest variation between diversity and abundance of ichnofauna was 
related to vertical variations of sandstone/mudstone proportions and bed thickness 
(Section 5.5). The basal successions of Sedimentary logs SL-1, SL-2, SL-3, and SL-4 
displayed sequences of heavily bioturbated hemipelagic mudstone with less frequent 
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occurrences of bioturbated sandstone beds. The pre-turbidite trace-fossil suite was 
very common in the lower sedimentary logs, with dominant Chondrites and 
Planolites occurring together in the Td and Te mudstones of discrete event beds, 
with sporadic occurrences of Thalassinoides,  
 
Figure 5-20 Major ichnofossils observed in the turbidite sequence at Whakataki. A, B) Trace fossils 
observed in SL-8; SS-D – comprising the Zoophycos ichnofacies, with both pre- and post-turbidite 
fossils. C, D) Trace fossils observed in SL-1; SS-H with a similar assemblage to SL-8. E, F) Trace 
fossils in SL-5, of the Cruziana and Skolithos ichnofacies. G, H) Unidentified trace fossils in SL-1.  
Sp = Spirophyton, Pl = Planolites, Ch = Chondrites, Th = Thalassinoides, Z = Zoophycos, Sc = 
Scolicia, Sk = Skolithos 
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Spirophyton and Zoophycos. The Bioturbation Index (BI) of mudstone intervals 
in this stratigraphy ranged from 1-3 (See Section 4.3 for Bioturbation Index 
classification), without much disruption of other fabrics or burrows. Where fine-
grained sandstone beds of the Tc interval were well developed and graded into 
overlying Td siltstones, Scolicia were observed as the primary ichnofauna. Scolicia 
traces occupied a very specific bedding plane throughout the succession, observed at 
the contact between very-fine grained Tc intervals, and overlying Td siltstone 
(Figure 5.20). Bioturbation of turbidites in Sedimentary logs SL-5 and SL-6 was 
relatively low, with a lower diversity and lower density of ichnofossil suites. Three 
major ichnogenera were dominant in these sedimentary sections and all were of the 
post-turbidite suite; Skolithos, Planolites and Scolicia. Skolithos and Scolicia were 
observed in sandstone intervals of the Tb and Tc Bouma intervals, with Scolicia 
exploiting the same stratal position as in SL-1 to SL-4, at the upper contact between 
Tc sandstone and Td siltstone. Planolites were observed in Tc very-fine sandstones 
and Tde mudstone intervals. Bioturbation by Scolicia was locally very dense in beds 
in which it was found, recording a BI ranging from 2 - 4, and was the dominant trace 
fossil in this part of the sequence. Skolithos and Planolites were   rarer,   with   BI’s  
ranging from 1-2. Bioturbation density and ichnofaunal diversity increased up-
section throughout sequences of Sedimentary logs SL-7 and SL-8. Chondrites and 
Planolites dominated mudstone intervals of Td and Te, with Scolicia highly 
abundant in Tc sandstone beds. Traces of Skolithos, Planolites, Thalassinoides, 
Spirophyton and Zoophycos were also observed, but were more sporadic throughout 
the upper stretches of stratigraphy in Sedimentary logs SL-7 and SL-8.
 
5.6.3 Lithofacies 
Four lithofacies were distinguished from the stratal succession at Whakataki, 
and have been summarized in Table.. seen below. These are: (1) Claystone/Siltstone 
to very-fine sandstone couplets, (2) Siltstone/very-fine sandstone couplets, (3) 
Sandstone/mudstone couplets with typical Bouma sequences, and (4) Thick 
sandstone units. The Lithofacies were generally characterized by proportions of 
hemipelagic claystone/siltstone/sandstone within a discrete turbidite event bed, and 
by the dominant mudstone grain size. Repetitive successions of partial Bouma 
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sequences are also used in distinguishing lithofacies, but there is some crossover 
between facies on this basis alone (Table 5.10). Lithofacies 1-4 include major 
ichnofossil assemblages and are referenced to lithofacies of Mutti and Ricchi Lucchi 
(1972; Section 2.4) as seen in Table 2.1. 
5.6.4 Facies Associations 
Facies Association A: Mud dominated turbidites 
This facies association comprises Lithofacies 1 and 2, with claystone of the Te 
Bouma interval and siltstone to extremely-fine sandstone of the Tc-d intervals being 
the dominant lithologies. In this facies association, sand to mud ratios are 
approximately ~1:3, with siltstone Td beds considered as mud component. Units of 
Lithofacies 1 exhibit particularly thick beds of Te claystone (up to ~30cm thick) with 
common bioturbation, interbedded with crudely laminated beds of Td siltstone, and 
occasional thin beds of very-fine rippled sandstone with lenticular-, wavy- or flaser-
bedded ripples. Repetitive stacking of Tcde/Tde beds is common, demonstrating 
internal gradational bases and tops between Tde beds and sharp to wavy bases of Tc 
basal beds. Packages of heterolithic couplets were measured up to > 0.50 m in 
thickness. Lithofacies 2 is very similar to Lithofacies 1; however has a slightly 
higher sandstone proportion and mudstone intervals dominantly comprise siltstone 
over hemipelagic claystone of Te. Basal beds of discrete units are generally 2-10cm 
thick Tc beds, grading into often thick siltstone Td beds and thin to thick Te 
claystone beds. Often the Tc basal beds are observed as starved ripples or sub-
critically climbing ripples, with singular or double -stacked ripple fore-sets, generally 
exhibiting mud draped sigmoidal cross-laminae (Figure 5.19).These are regularly 
interbedded with siltstone and claystone of Tde. Laminated Tb sandstones 
sporadically form the base of incomplete Bouma sequence Tb-e, which grades into 
repetitive Tc-e, Tcd beds.  Packages of Facies Association A include combinations of 
Lithofacies 1 & 2, interbedded as vfs-siltstone/claystone couples, and can 
collectively measure over 10m as a related succession. Fine laminations of 
carbonaceous matter are commonly observed draped over ripple cross-beds in Tc 
intervals. Bioturbation is common and consists of Chondrites, Planolites, 
Spirophyton, Zoophycos, Thalassinoides and Scolicia. 
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Facies Association B: Thin, regularly bedded  “classic”  turbidites 
This facies association consists of variable relationships between Lithofacies 1, 
2 and 3. Lithologically, Facies Association 2 comprises partial Bouma sequences of 
Tbcde, Tbcd and Tcde, with variable repetitive stacking patterns and has a relatively 
proportional ratio of sand to mud (approximately ~1:1). Bedding thicknesses are 
relatively thin and generally uniform, with discrete Bouma units averaging  ~20 cm, 
and heterolithic packages of consistent sandstone and mudstone couplets measuring 
up to ~18 m in cumulative thickness. The majority of sandstone beds have laminated 
Tb intervals at their base, displaying sharp, flat bases that erode into underlying Tde 
intervals. Sandstone Tb intervals grade into very-fine grained Tc intervals that 
include both starved and sub-to super-critically climbing ripples, frequently 
demonstrating convolute bedding and other soft-sediment deformation features. Due 
to the post-depositional soft-sediment deformation, ripple structures are often crude 
or completely disrupted. The contact between fine-grained sandstone of Tc and 
siltstone Td can be either gradational or sharp. Where sandstone beds are thicker, the 
contact is more often sharp between Tc and Td, followed by a gradational contact 
between siltstone Td and claystone Te. Bioturbation is abundant in Facies 
Association B, comprising both pre- and post-turbidite ichnofaunal assemblages in 
moderate- to high density populations. Scolicia is the most dominant ichnofossil of 
this association, found highly abundant at the interface between Tc sandstone and Td 
siltstone intervals, with Chondrite and Planolites also highly abundant. Minor 
occurrences of Thalassinoides, Spirophyton, and Zoophycos are also found in Facies 
Association B.  
Facies Association C: Thick-bedded, sandy turbidites 
This facies association is sand dominated, comprising variable stacking 
patterns between successions of Lithofacies 2, 3 and 4. The major components of this 
facies association consist of Tbcd, Tbcde, Tbc and Tcd units, with particularly thick 
bedded Tb and Tc basal sandstones. Basal contacts of discrete turbidite event beds 
are sharp to erosive, and the contact between sandstone and mudstone couplets 
demonstrates a pronounced sharp decline in grain size, whereby normal grading from 
Tc into Td siltstone is either very rapid, or nonexistent. Normal grading is observed 
between Td siltstone and Te claystone where Te is observed. There are rare 
occurrences of the Ta massive sandstone interval, which occur at the base of thick 
complete Bouma sequences in Sedimentary log 6 SL-6 and at Stratigraphic station 
 132 Chapter 5: Results 
SS-E (South). A notable stacking pattern in this association is a single thick bedded 
sandy turbidite bed (Lithofacies 3), grading upward into repetitive thin bedded 
couplets of rippled sandstone and siltstone (Lithofacies 2). Packages of this stacking 
style generally show thinning upwards, and fining upwards motifs over ~5-6 m 
intervals. Average thicknesses of partial Bouma units range from ~30-50 cm thick, 
with some units measuring up to 75cm in total thickness. Overall, sequences under 
this association demonstrate a cumulatively high sand proportion, with 
sandstone/mudstone ratios of ~3:1. The mud proportion is primarily comprised of Td 
siltstones, with only thin and less common occurrences of the Te hemipelagic 
claystone interval. Amalgamated beds of Tb (Lithofacies 4) are another notable 
feature in this facies association, with up to 3 discrete Tb intervals included in one 
amalgamated unit, with sharp, flat internal bounding surfaces between beds.  Normal 
grading is apparent in each discrete beds of the amalgamated Tb units. Planar 
laminations of Tb also display greater spacing than Facies Association 1 and 2, in 
some instances with up to 4cm partings. The laminae bedding planes frequently 
exhibit bands of darker lithologies, demonstrating clear grain size breaks and the 
likely inclusion of a higher percentage matrix. Soft sediment deformation features, in 
the form of large-scale flame structures (up to 20 cm) and load-casts, are frequently 
observed at the basal boundaries of the Tb beds, and small mud rip-up clasts (~2 cm) 
are also seen in some of the thicker basal Tb sandstones. The Tc interval of Facies 
association 3 generally consists of very thick beds of heavily convoluted climbing 
ripples, with convolute deformation often so intense, that there is complete disruption 
of the original ripple structure. In the case where convolute bedding had not 
deformed the Tc beds, ripple cross-laminae display sigmoidal structure, frequently 
draped with mud. Some flaser bedded Tc beds also resemble the small-scale 
hummocky cross-stratification as described for Facies association 2, with 
symmetrical ripple form laminations (Figure 5.19). Bioturbation in Facies 
Association C demonstrates low ichnofaunal diversities in low- to moderate 
population densities, with only post-turbidite fossils of Scolicia, Planolites and 
Skolithos observed. 
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5.7 STRATIGRAPHY OF SEDIMENTARY LOGS SL-1 TO SL-8 
Eight individual vertical stratigraphic sections of the Whakataki Formation 
were logged on the centimetre scale. The GPS localities of Stratigraphic stations 1-8 
(Figure 4.1) were transferred onto the structurally reconstructed syncline and the 
spatial arrangements of each section was determined based on the results (Section 
5.2). The following section describes the bed stacking and stratigraphic 
characteristics of each measured Sedimentary log, with relation to bedding and unit 
thicknesses, sandstone/mudstone ratios, lithofacies, facies associations, and any 
relevant grading or stacking motifs.  A representative type section of ~20 m (where 
data is available) is presented for each sedimentary log, enabling graphic 
visualization of stratigraphic patterns and vertical relationships between lithofacies 
successions and facies associations. 
SEDIMENTARY LOG 1 – Stratigraphic station H (SL-1; SS-H) 
 Stratigraphic station H is located at the northern-most extent of the examined 
outcrop (60G 437401, Y 5480604) on the north-western limb of the syncline, and 
this sedimentary log, SL-1, constitutes the basal sequence of the overall examined 
stratigraphy (Figure 5.4) The primary bedding orientation at this site was recorded at 
Strike N50°E, Dip85°NW (Fig 4.1). Here, a total thickness of 36.92 m of strata was 
measured and logged, comprising 663 individual beds, which are each assigned to 
divisions of the Bouma Sequence. A 20 m type section of Sedimentary log 1 is 
illustrated in Figure 5.21 below. As can be seen in the graphic log, this part of the 
turbidite sequence demonstrates regular, thinly to medium bedded 
sandstone/mudstone couplets, which is characterized by a particularly high mudstone 
proportion. Discrete vertical successions comprise Lithofacies 1 and Lithofacies 2, 
and the complete section is defined as part of Facies Association A (Section 5.4.4). 
Table 5.11 seen below summarizes the Bouma division frequency and bed 
thicknesses for the examined succession at Station 1. From this data, the 
sandstone/mudstone ratio for Log 1 is calculated to be 29:71, or ~30 % sandstone. 
The stratigraphy is dominated by hemipelagic mudstone of the Te Bouma division, 
of which beds are not only more frequent, but are also particularly thick, with a mean 
bed thickness of 7.7 cm and measuring up to 27 cm. Based on frequency and total 
thickness, hemipelagic mudstone accounts for the larger proportion of all beds in the 
section at ~50 % (Figure 5.21). Rippled sandstone beds of the Tc interval are 
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frequent, occurring as relatively thin beds (average 4.74 cm) which are the basal 
boundary for the majority of units in this section, exhibiting sharp lower contacts. 
Siltstone beds of Td are common but generally thin (mean 4.4 cm), and do not 
account for a large proportion of the total sandstone/mudstone ratio. There are only 
very minor occurrences of laminated Tb sandstone, which are found as very thin 
basal beds (average 2.72 cm), that grade upwards into Tc sandstones. Graphic 
visualization of this data is illustrated as total bedding thickness and Bouma interval 
frequency percent histograms in Figure 5.21. 
 
Table 5.11 Summary of grain size attributes, Bouma sequence interval frequency and bed thicknesses 
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Tb 9 24.5 2.72 1 - 4 1:2.55 1.19:1 1:2.03 
Tc 215 1019 4.74 1 - 20 OR OR OR 
Td 209 878 4.2 1 - 22 29:71 54:46 33:67 
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Proportion of total units (%) Proportion of total thickness (%) 
Figure 5-21Graphic presentation of Bouma interval frequency and thicknesses as a 
proportion of total units counted and total thickness of sedimentary log SL-1  




Figure 5-22 Type-section of Sedimentary log 1 SL-1; SS-H, summarizing bedding characteristics, 
sedimentary structures, bioturbation index, specific ichnofossils observed, and classification of 
lithofacies successions. Key is relative to all type-section sedimentary logs. 
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As can be seen in Sedimentary log 1 (Figure 5.22), this section is primarily 
composed of partial Bouma sequences Tcde, wherein units are classified as both 
Lithofacies 1 and 2 (Section 5.6.3), dependant on the claystone/siltstone proportions 
of discrete units. From the base of the measured section, a ~13 m package of 
Lithofacies 1 indicates a period dominated by hemipelagic settling. This facies 
succession is succeeded by 1-5 m packages of alternating lithofacies 1 and 2, in 
which the thickness and frequency of siltstone Td beds fluctuates upsection, resulting 
in distinctive lithological variations.  
Stratigraphic variations are also noted in bed thickness, wherein Lithofacies 2 
generally display regular tabular bedding, with normal gradational contacts between 
sandstone and mudstone beds of individual units. In contrast, the thick hemipelagic 
mudstone beds of Lithofacies 1 cause irregular bedding within units, and a low 
proportion of the Td interval often arises in more pronounced, sharp internal contacts 
between beds. Over the whole ~37 m vertical thickness measured at this site (SS-H), 
a series of crude coarsening upwards trends are apparent, whereby stacked partial 
Bouma sequences of Lithofacies 1 dominated by Te claystone, grade upwards into 
regularly bedded Lithofacies 2, comprising a coarser-grained character in general 
with thinner beds of Te. Bioturbation of the turbidite strata in this section is 
abundant, with trace fossils observed throughout almost the entire measured 
sequence and Bioturbation Index ranging from 1-4. The ichnofaunal assemblage is 
quite low in diversity, and a recurrent set of fossils are observed in particular 
lithological settings, characteristic of Facies Association A (Section 5.4.4). 
 
SEDIMENTARY LOG 2 – Stratigraphic station G (SL-2; SS-G) 
Stratigraphic station G was located towards the northern extent of the outcrop 
transect (60G 0437172, Y 5480002), on the north-western limb of the structural 
syncline, and Sedimentary log 2 is the second examined sequence in stratigraphic 
order from basal SL-1 (Figure 5.4). A total of 38.59 m was measured here, which 
comprised of 800 individual beds. The orientation of bedding at this site was 
recorded at Strike N53°E, Dip 80°NW. The sandstone/mudstone ratio at this site was 
calculated to be equivalent to the underlying section of 31:69, or ~30 % sandstone, 
however as can be seen in the Table 5.12 below, intervals comprised a larger 
proportion of Td siltstone to Te claystone, and bedding was more regular. Lithofacies 
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1 and 2 were observed in alternating successions of varying total thicknesses, 
classifying this part of the sequence under Facies Association A (Section 5.4.4; 
Figure 5.24).  
Table 5.12 below summarizes the observed strata in terms of Bouma interval 
frequency and bed thicknesses. The thickness of Td recorded a large range from 1-48 
cm, with a mean bed thickness of 4.36 cm. The Te claystone interval ranged from 1-
21 cm, demonstrating the highest average thickness in this sequence of 5.37 cm. The 
Tc sandstone frequently occurred as a thin basal unit of event beds, with the an 
average thickness of 4.75 cm, ranging up to 20 cm. Beds of laminated Tb sandstone 
only accounted for a very small proportion of both total number of beds (3.4 %) and 
total thickness (2.8 %) in SL-2, with an average thickness of 3.77 cm (Table 5.12). 
Table 5.12 Summary of grain size attributes, Bouma sequence interval frequency and bed thicknesses 
(cm), and cumulative sandstone/mudstone calculated for sedimentary log SL-2 
Bouma 
Interval Sample Mean  φ Median  φ Mode  φ Sorting 
Sorting 
Classification 
Tc NZ2.6 4.19 4.13 4.41 0.60 Moderately well 
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Tc 224 1064 4.75 1 - 20 
Td 283 1234 4.36 1 - 48 
Te 265 1424 5.37 1 - 21 





Figure 5-23 Graphic presentation of Bouma interval frequency and thicknesses as a proportion of total 
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Figure 5-24 Type-section of Sedimentary log SL-2; SS-G, summarizing bedding characteristics, 




The type section of Log 2 seen above (Figure 5.24) illustrates the mid-section 
of the complete measured stratigraphy at Stratigraphic station 2, displaying 
stratigraphy between 10-30 m. This excerpt was selected from the ~40 m vertical log 
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as it best represents bed stacking and gradational patterns of SL-2. As can be seen in 
the type section (Figure 5.24) Log 2 demonstrated thin, regularly bedded 
intercalations of sandstone and mudstone couplets ascribed to Lithofacies 1 and 2. 
Lithofacies 2 was more dominant than in lower SL-1. A notable grading pattern is 
observed with thick packages of Lithofacies 2 successions thinning- and fining-
upwards to be capped by thin packages of cyclic Tcde, Tce interbeds of Lithofacies 
1. Fining and thinning upwards successions correlate with bioturbation intensity, 
wherein ichnofaunal assemblages are primarily associated with Te mudstone 
intervals of Lithofacies 1 at the upper measures of fining upwards sequences (Figure 
5.24). Bioturbation density and diversity was low in Log 2, recording ranging 
between BI 1 and 2. 
 
SEDIMENTARY LOG 3 – Stratigraphic station F (SL-3; SS-F) 
Sedimentary log 3 was examined at Stratigraphic station F (60G 437174, Y 
5479889), on the northern limb of the fold and is the third examined sequence from 
basal SL-1 (Figure 5.4). Here, a total of 24.94 m of vertical stratigraphy was logged, 
which included 587 individual beds. The average orientation of bedding at this site 
was measured at Strike N50°E, Dip 80°SE (Figure 4.1). The sandstone/mudstone 
ratio of Log 3 was calculated to be slightly lower than underlying Logs 1 and 2, 
calculated at 26:74, approximately ~25 % sandstone. Sedimentary log 3 comprises 
alternating successions of Lithofacies 1 and 2, and the whole measured stratigraphy 
has been considered as part of Facies Association A FA-A (Section 5.4.4). As can be 
seen in Table 5.13 and Figure 5.25 mudstone divisions of Td and Te are the most 
frequently occurring Bouma intervals, with a higher proportion of claystone than 
siltstone. The total thickness of Te claystone accounts for ~50 % of total stratal 
thickness, with an average bed thickness of 5.64 cm, ranging up to 32 cm. Beds of Tc 
and Td are comparatively thinner, recording an average of 3.9 cm and 3.19 cm 
respectively. Sandstone beds of the Tb interval are rare, and are thinly bedded where 
noted (average 3.38cm).    
 
Table 5.13 Summary of grain size attributes, Bouma sequence interval frequency and bed thicknesses 
(cm), and cumulative sandstone/mudstone calculated for sedimentary log SL-3 
Bouma 
Interval Sample Mean  φ Median  φ Mode  φ Sorting Sorting Class 
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Tb NZ3.1 3.82 3.79 4.32 0.65 Moderately well 






























C 153 599 3.9 1 - 11 
D 214 684 3.19 1 - 23 




Figure 5-25 SL-3: Graphic presentation of Bouma interval frequency and thicknesses as a proportion 
of total units counted and total thickness of the sedimentary log SL-3 
 
 
As seen in the type section of Log 3 (Figure 5.26) this part of the sequence 
was dominated by mud-rich Lithofacies 1 and 2, with particularly thick 
accumulations of Hemipelagic Te claystone dominant upsection (Figure 5.26). A 
grading and stacking pattern similar to that observed in Log 2 was noted at the base 
of this section, with large thinning and fining upwards successions of Lithofacies 2 
being capped by thin packages of Lithofacies 1. This grading pattern transformed 
upsection, wherein a reversed grading pattern occurs with thick successions of 
Lithofacies 1, coarsening upwards into thin packages of Lithofacies 2 (Figure 5.26). 
Bioturbation was variable in Log 3, with a higher frequency of bioturbated event 
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Figure 5-26 Type-section of Sedimentary log SL-3; SS-F, summarizing bedding 
characteristics, sedimentary structures, bioturbation index, specific ichnofossils observed, 
and classification of lithofacies successions. 
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SEDIMENTARY LOG 4 – Stratigraphic station E (SL-4; SS-E) 
Stratigraphic station E is situated on the northwest limb of the syncline (60G 
0436921, Y 5479344), and Sedimentary log 4 represents some of middle- measures 
of stratigraphy of the total examined sequence (Figure 5.4). Here, 16.25 m of strata 
was logged, comprising 378 individual beds. The average orientation of bedding in 
Log 4 measured at an average of Strike N85°E, Dip 14°NW. The 
sandstone/mudstone ratio of this section was low, however was slightly higher than 
underlying sections, calculated at 33:76, or 33%. Successions of Lithofacies 1 and 2 
occur in alternating packages with variable bed thickness patterns, representing 
Facies Association B (Figure 5.28).  Bedding is thin and highly regular, with thicker 
Td and Te mudstone intervals common. Laminated Tb sandstone beds were rare and 
thin, measuring an average thickness of 4.21cm. The frequency and thicknesses of 
Tc, Td and Te were relatively proportional (Table 5.14, Figure 5.27), measuring 
average interval thickness of 3.94 cm, 4.61 cm and 4.18 cm respectively.  
Table 5.14 Summary of grain size attributes, Bouma sequence interval frequency and bed thicknesses 
(cm), and cumulative sandstone/mudstone calculated for sedimentary log SL-4 
Bouma 
Interval 
Sample Mean  φ Median  φ Mode  φ Sorting Sorting Classification 
Tb NZ3.81 3.4 3.19 3.11 0.56 Moderately well 
Tc NZ2.4 3.65 3.61 3.51 0.59 Moderately well 
Tc NZ3.82 3.58 3.57 3.86 0.62 Moderately well 
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C 121 477 3.94 1 - 13 
D 124 571 4.61 1 - 19.5 
E 121 506 4.18 1 -26 
 
 
Figure 5-27 Graphic presentation of Bouma interval frequency and thicknesses as a proportion of total 
units counted and total thickness of sedimentary log SL-4 
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Figure 5-28 Type-section of Sedimentary log SL-4; SS-E, summarizing bedding characteristics, 
sedimentary structures, bioturbation index, specific ichnofossils observed, and classification of 
lithofacies successions. 
 
Discrete turbidite event beds of Log 4 comprised predominantly Tcde 
sandstone/mudstone couplets (Lithofacies 2), or Tc-e sandstone/mudstone couplets 
(Lithofacies 1), with Tbcde sequences observed, however were less common. As 
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seen in the type section in Figure 5.28, the succession measured at Stratigraphic 
station E demonstrated several fining upwards packages, with thick successions of 
Lithofacies 2 capped by thin packages of Lithofacies 1 successions. On the whole log 
scale, a minor fining upwards profile was observed, with an increasing proportion 
and thickness of Te hemipelagic mudstone beds upsection (Figure 5.28). Convolute 
bedding was frequently observed in thin Tc rippled sandstone beds, and load casts 
were also common at the base of Tc sandstone intervals, deforming underlying Te 
claystone. Bioturbation is common, with both pre- and post-turbidite event 
ichnofossil suites found together in tiering profiles throughout the stratigraphy with 
BI’s  ranging  from  1-3. 
 
SEDIMENTARY LOG 5 – Stratigraphic station B (SL-5; SS-B) 
Stratigraphic station B was located northeast of Station A on the coastal 
transect (60G 0436029 Y 5476589), situated on the south-west limb of the structural 
syncline, where Sedimentary log 5 represented the fifth examined section from the 
basal SL-1 (Figure 5.4). The sedimentary succession at SS-B has been interpreted to 
correlate closely to overlying stratigraphic horizons of SL-6 (SS-A), possibly with 
some direct correlations which is discussed further in Section 5.8. Sedimentary log 5 
represents an extensive vertical section measured at the field site, with a total vertical 
thickness of 38.10 m logged. The orientation of bedding at SS-B averaged at Strike 
N20°E, Dip 40°NW (Figure 4.1). The stratigraphy of Log 5 was markedly different 
to the underlying sequences of Sedimentary logs SL-1, 2, 3 and 4. Bedding here was 
relatively thick and dominated by the coarser-grained sandstone units of Tb and Tc, 
comprising successions of Lithofacies 2, 3 and 4, and classified as part of Facies 
Association C (Section 5.4.4). There were several beds in Log 5 that could not been 
assigned to specific Bouma intervals due to weathering and poor preservation of 
sedimentary structures.   
 
Table 5.15 Summary of grain size attributes, Bouma sequence interval frequency and bed thicknesses 
(cm), and cumulative sandstone/mudstone calculated for sedimentary log SL-5 
Bouma 
Interval Sample Mean  φ Median  φ Mode  φ Sorting 
Sorting 
Class 
Tb NZ2.10 3.36 3.37 3.52 0.49 Well 
Tb NZ2.12 3.31 3.28 3.32 0.49 Well 
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A 1 2 2 n/a    
B 61 914 15 3 - 45 3 : 1 3.4 : 1 8:1 
C 207 1862 9 2 - 54 OR OR OR 
D 177 819 4.6 1 - 28 75 : 25 77 : 23 89:11 
E 41 101 2.5 1 - 10    
N/A 11 107 -     
 
 
Figure 5-29 Graphic presentation of Bouma interval frequency and thicknesses as a proportion of total 
units counted and total thickness of the sedimentary logs SL-5 
 
The type section of sedimentary log 5 displayed in Figure 5.30 illustrates the 
thick bedding and high sandstone composition of this part of the sequence. Large 
successions of Lithofacies 3 were dominant, comprising regularly bedded cyclic 
Tbcd sequences. A notable stacking pattern similar to that seen in the lower sections 
was observed between successions of Lithofacies 2 and 3 (rather than Lithofacies 1 
and 2). Thick successions of Lithofacies 3 commonly fined-upwards into Lithofacies 
2, which capped the coarser-succession by thin packages of repetitive Tcd interbeds 
(Figure 5.30). Small packages of Lithofacies 4 successions were observed regularly 
alternating with Lithofacies 3, demonstrating small-scale fining- and coarsening 
upwards profiles (Figure 5.30). On the complete vertical section scale of ~38 m, SL-
5 demonstrated an overarching coarsening- and thickening-upwards profile, 
correlating with an increased frequency of thickly bedded, laminated Tb sandstones 
upsection. Carbonaceous material was commonly observed in this section in beds of 
the Tb and Tc intervals, interlaminated with the parallel and ripple laminations 
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particularly thicker sequences. Bioturbation was evident in this section, however was 
infrequent and demonstrated particularly low ichnofaunal diversity and densities with 
a BI of 1 in all bioturbated sequences. 
 
 
Figure 5-30 Type-section of Sedimentary log SL-5; SS-B, summarizing bedding characteristics, 
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SEDIMENTARY LOG 6 – Stratigraphic station A (SL-6; SS-A) 
Stratigraphic station A was located at the most southern-most extent of the 
examined outcrop transect (60G 043685, Y 5476220) where a total of 16.70 m of 
vertical stratigraphy was examined, comprising 259 individual beds. Strata of this 
section were situated on the south-west limb of the syncline and orientation of 
bedding at this site averaged at Strike N30°E, Dip 38°NW (Figure 4.1). Sedimentary 
log 6 was characterized by notably thicker-bedding and coarser-grained units, 
comprising Lithofacies 2, 3 and 4, and the complete section considered as part of 
Facies Association C. Log 6 demonstrated a significantly high sandstone/mudstone 
ratio, calculated at 72:28, or 72 % sandstone. As shown in Table 5.16 and Figure 
5.31, rippled sandstone beds of Tc was the most dominant interval in Log 6, with Tb 
sandstone and Td siltstone also accounting for a large proportion of turbidite bedding 
in this section. Two individual beds of Ta massive sandstone were noted, of which 
were 5 cm and 28 cm thick. Tb laminated sandstones were generally thick in Log 6, 
measuring an average 9.25 cm and ranging up to 37 cm thick, and Tc beds were 
moderately thick, averaging 7.6 cm with a maximum of 22 cm recorded. Mudstone 
intervals of Td and Te were both relatively thin in this section (average 4.5 cm and 
3.9 cm respectively), with Te claystone accounting for a fraction of mudstone 
proportion, as seen in the Table below.  
Table 5.16 Summary of grain size attributes, Bouma sequence interval frequency and bed thicknesses 
(cm), and cumulative sandstone/mudstone calculated for sedimentary log SL-6 
Bouma 
Interval Sample Mean  φ Median  φ Mode  φ Sorting Sorting Class 
Ta NZ1.2 3.13 3.11 2.90 0.55 Moderately well 
Tb NZ1.4 3.37 3.32 3.21 0.57 Moderately well 
Tb NZ1.5 3.21 3.15 3.27 0.49 Well 
Tc NZ1.1 3.56 3.53 4.21 0.55 Moderately well 























A 2 33 16.5 5-28    
B 40 369 9.25 3-37 2.6:1 2.72:1 20.3:1 
C 100 760.5 7.6 1-22 OR OR OR 
D 96 426.5 4.5 1-20 72:28 73:27 95:5 
E 21 21 3.9 1-23    
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Figure 5-31 SL-6: Graphic presentation of Bouma interval frequency and thicknesses as a proportion 
of total units counted and total thickness of sedimentary log SL-6 
 
 
Successions of turbidite events beds in Log SL-6 demonstrated more variability 
in stacking patterns and sandstone/mudstone proportions, comprising successions of 
Lithofacies 2, 3 and 4 (Figure 5.32). Regularly bedded Bouma sequences of Tbcd 
(Lithofacies 3) were most common, however packages of cyclic, thinly bedded Tcd 
sandstone/siltstone couplets (Lithofacies 2) were regularly associated with packages 
of Lithofacies 3, occurring in alternating successions up to ~3 m thick (Figure 5.32). 
Log 6 contained thick packages of amalgamated sandstone bodies (Ta,b,c) with 
erosive bases, internal sharp boundaries, rip-up clasts and carbonaceous inclusions 
(Lithofacies 4), and of which discrete successions measured > 1 m thick. Rippled 
sandstone units of the Tc interval were highly convoluted in SL-6, and other soft-
sediment deformation features of load casts and flame structures were also frequent. 
Carbonaceous matter was commonly observed in laminations of some Tb sandstone 
intervals and Tc ripple cross-beds. Bioturbation was sporadic in this section, 
comprising only post-turbidite ichnofossil suites, however were sometimes abundant 

















Ta Tb Tc Td Te 
Proportion of total units  (%) Proportion of total thickness (%) 
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Figure 5-32 Type-section of Sedimentary log SL-6; SS-A, summarizing bedding characteristics, 




SEDIMENTARY LOG 7– Stratigraphic station C (SL-7; SS-C) 
Stratigraphic station C was also located towards the southern end of the coastal 
outcrop, with strata of Sedimentary log 7 positioned on the southeast fold limb, 
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closer to the hinge (60G 436180 Y5477087) (Figure 4.1). Here, a total of 19.22m and 
494 individual beds were examined. The overall bedding orientation at this site was 
measured as Strike N70°E, Dip 35°NW. The sandstone/mudstone ratio of the 
sequence in SL- 7 was fairly proportional, calculated at 52:48, ~ 50% sandstone. A 
notable change in bedding style from underlying Log 7 was observed, with the 
sequence demonstrating very regular, thinly-bedded turbidites of Lithofacies 2 and 3 
(Figure 5.34). The complete vertical succession was classified as part of Facies 
Association B. Individual bed thicknesses in Log 7 were generally thin, with Tb, Tc, 
Td and Te recording average bed thicknesses of ~5 cm, ~4.5 cm, ~4 cm and ~2.5 cm 
respectively (Table 5.17). Bedding exhibited a high degree of uniformity (Figure 
5.33),  with  ‘classic’  turbidite, normal grading patterns observed within discrete even 
beds (Figure 5.34).  
Table 5.17 Summary of grain size attributes, Bouma sequence interval frequency and bed thicknesses 
(cm), and cumulative sandstone/mudstone calculated for sedimentary logs SL-7 
Bouma 
Interval Sample Mean  φ Median  φ Mode  φ Sorting Sorting Class 
Tb NZ2.31 3.41 3.40 3.72 0.61 Moderately well 





















B 62 320 5.16 1 - 23 
1.01 : 1 
OR 
52 : 48 
1.6 : 1 
OR 




C 146 679 4.65 1 - 20 
D 158 623 3.94 1 - 20 






Figure 5-33 SL-7: Graphic presentation of Bouma interval frequency and thicknesses as a proportion 













Tb Tc Td Te 
Proportion of total units (%) Proportion of total thickness (%) 
 Chapter 5: Results 151 
 
 
Figure 5-34 Type-section of Sedimentary log SL-7; SS-C, summarizing bedding characteristics, 
sedimentary structures, bioturbation index, specific ichnofossils observed, and classification of 
lithofacies successions 
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The type section of Log 7 (Figure 5.34) illustrates the high regularity of 
bedding, particularly in the mid-section. General small-scale fining-upwards motifs 
are observed, with repetitive, regularly-bedded Tbcd sequences of Lithofacies 
3grading upsection into repetitive, thinly-bedded Tcd sandstone/siltstone couplets of 
Lithofacies 2 (Figure 5.34). On a broader scale, a slight fining- and thinning-upwards 
pattern was also observed between 0 m – ~15.5 m. In this profile, thickness and 
prevalence of the Tb and Tc sandstone beds decrease up-section, correlating with a 
subtle increase the proportion of hemipelagic Te mudstone up-section (Figure 5.34). 
Convolute bedding was highly apparent in Log 7, wherein original ripple 
sedimentary structures of Tc beds had been completely disrupted in many turbidite 
beds. Carbonaceous material was also very common, frequently interlaminated with 
ripple cross-beds of Tc sandstones. Soft-sediment deformation and dewatering 
features were observed sporadically. The degree of bioturbation in SL-7 is relatively 
high (BI 1-4), compared to down-section strata of Sedimentary logs 5 and 6, 
comprising both pre- and post-turbidite ichnofaunal assemblages, often together in 
discrete turbidite event beds. 
 
SEDIMENTARY LOG 8 – Stratigraphic station C (SL-8; SS-D) 
The vertical sequence measured at Stratigraphic station D is situated on the 
southeast limb of the syncline, nearing the axis of the fold at (60G 436306, 
Y5477652; Figure 4.1). The sequence here represents the uppermost sedimentary log 
from the base of the complete examined succession (Figure 5.4). A total of 32.38m 
of vertical stratigraphy was examined, comprising 817 individual beds. The average 
orientation of bedding at Stratigraphic station 8 measured at Strike N20°E, Dip 
40°NW. Sedimentary log 8 comprised alternations of Lithofacies 1 and 2, and the 
complete measured sequence represents Facies Association B. The 
sandstone/mudstone ratio of Log 8 was proportional, calculated at 50:50, or 50 % 
sandstone, and bedding was highly monotonous and uniform. As seen in Table 5.19 
and Figure 5.35, the larger proportion of mudstone is made up by Te hemipelagic 
interval.   Beds   are   very   thin   at   this   site  with   normal   grading   of   ‘classic’   turbidites  
observed within discrete turbidite event beds. Divisions of Tb and Tc each measure 
an average thickness of ~5 cm, Td of ~3 cm and Te of ~3.5 cm (Table 5.19). Very 
 Chapter 5: Results 153 
thin beds measuring only 1 cm were observed for all Bouma intervals, and relatively 
small maximum thickness ranges were recorded for each division as well.  
 
Table 5.18 Summary of grain size attributes, Bouma sequence interval frequency and bed thicknesses 
(cm), and cumulative sandstone/mudstone calculated for sedimentary logs SL-8 
Bouma 
Interval Sample Mean  φ Median  φ Mode  φ Sorting Sorting Class 
Tb NZ3.3 3.63 3.59 3.97 0.72 Moderately 




















B 54 230 5.16 1 to 9 
1 : 1 
OR 
50 : 50 
2.76 : 1 
OR 




C 279 1385 4.96 1 to 14 
D 186 585.5 3.15 1 to 17 




Figure 5-35 SL-8: Graphic presentation of Bouma interval frequency and thicknesses as a proportion 
of total units counted and total thickness of sedimentary logs SL-8
 
The type section of SL-8 illustrates stratigraphy between ~12 – 32 m of the 
total logged section, to best represent major patterns in bedding and turbidite 
stacking patterns at Stratigraphic station D (Figure 5.36). As can be seen in the 
sedimentary log, similar bed stacking patterns to those seen in Logs SL-1 to SL-4 
were observed in Log 8, with alternating successions of Lithofacies 1 and 2. Fining 
upwards trends were also apparent, wherein thick successions of Lithofacies 2 
comprising repetitive Tbcd sequences, were capped by thin packages of rhythmically 
bedded Tde or Tc-e successions of Lithofacies 1 (Figure 5.36). Convolute bedding 















Tb Tc Td Te 
Proportion of total units (%) Proportion of total thickness (%) 
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interval. Bioturbation was moderate, demonstrating tiering of both pre- and post-
turbidite ichnofaunal assemblages variably throughout the vertical stratigraphy with 
BI’s  ranging  from  1-3.  
 
Figure 5-36 Type-section of Sedimentary log SL-6; SS-D, summarizing bedding characteristics, 
sedimentary structures, bioturbation index, specific ichnofossils observed, and classification of 
lithofacies successions.
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5.8 STRATIGRAPHIC CORRELATIONS AND MAJOR 
SEDIMENTARY UNITS 
The examined turbidite sequences of the coastal field outcrop have been 
structurally deformed, with each measured sedimentary log SL-1 to SL-8, 
representing disordered segments of a large-scale syncline feature (Figure 4.1). The 
measured sedimentary logs recorded from a NE-SW longitudinal transect represent 
strata from opposing limbs of a low angle, plunging syncline, trending towards the 
south-west (Trend 235°, Plunge 10°SW).  As described in Section 5.2, by projecting 
GPS coordinates of each Stratigraphic station onto the composite cross-section 
profile of the syncline, the stratigraphic arrangement of measured sedimentary logs 
SL-1 to SL-8 has been established (Figure 5.4). With the context of stratigraphic 
configuration, comprehensive analysis of each sedimentary log SL-1 to SL-8, 
allowed for lateral stratigraphic correlation between sections to be delineated. 
Stratigraphic correlations were established on the basis of condensed sections of 
Lithofacies 1 and 2, which were observed with particular stratigraphic signatures; 
capping larger successions of thinning upwards packages of coarser-grained 
Lithofacies 3 and 4 (Section 5.6). Based on condensed section signatures, lateral bed 
correlations were determined to exist between upper measures of SL-2 and lower SL-
3, as well as upper SL-5 and lower SL-6, as illustrated in Figure 5.37.  
 
As shown in Figure 5.37, the stratigraphic spatial arrangement of sedimentary 
logs overprinted on the composite cross-section profile from A-A’/B-B’   shows   a  
distinct grouping of the three major facies associations FA-A, FA-B and FA-C. 
Distinct upsection breaks between these Facies Associations have been classified as 
major bounding discontinuities, allowing for the ~600 m thick turbidite succession to 
be   broken   into   three   major   sedimentary   units’   representative   of   distinct  
sedimentation phases. These units are annotated as U-1, U-2 and U-3 (Figure 3.37):  
 U-1: Lowermost sedimentary unit comprising FA-A; represented by 
basal sedimentary logs SL-1, SL-2, SL-3 and SL-4; estimated to be 
~350 m thick including unexamined strata (Figure 5.4c) 
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 U-2: Mid-sequence successions comprising FA-C; represented by 
sedimentary logs SL-5 and SL-6; estimated to be ~100 m thick 
including unexamined strata (Figure 5.4c) 
 U-3: Uppermost sedimentary unit comprising FA-C; represented by 
upper sedimentary logs SL-7 and SL-8; estimated to be ~150 m thick 
including unexamined strata (Figure 5.4c) 
 
The upwards gradational contact between U-1 and U-2 is ambiguous due to 
~50 m of missing strata between the facies successions on the cross-section profile 
(Figure 5.4c). However the marked variation in character between these two 
juxtaposing units indicates a sharp transitional contact between the facies 
successions. Upsection of U-2 lays U-3, and again ~50 m of unmeasured strata exists 
between the units (Figure 5.4c), thus the contact between the successions could not 
be strictly defined. The less marked variation in character between U-2 and U-3 
however suggests a more gradational shift between these two major sedimentary 
units.  
Figure 5.37d seen above illustrates the spatial arrangement of measured 
sequences not only in stratigraphic order, but also relative to the geographic localities 
from which each section was logged along the NE-SW field transect, from 
Stratigraphic station SS-A to SS-H,. As can be seen in this image (Figure 5.37d), a 
distinct grouping of Facies Associations is apparent along the length of the coastal 
outcrop, with a decreasing proportion of sandstone relative to distance from source. 
Sand dominated FA-C (U-2) occurs at the southern-most extent of the coastal 
transect, followed slightly to the north-east by FA-B (U-3), with relatively 
proportional ratios of sandstone/mudstone (Figure 5.37b & c). Both U-2 and U-3 
represent strata examined from the south-eastern limb of the structural syncline. 
Further NE along the field transect lies mud-dominated FA-A (U-1) (Figure 5.37c), 
with all examined sections of U-1 situated on the north-western limb of the syncline. 
Reconstruction of the original palaeocurrent directions (Section 5.1.2) revealed a 
dominant NNE paleo-flow trend throughout sedimentation of the turbidite sequence 
at Whakataki (18% between N10°E to N20°E; Figure 5.3) The relatively 
unidirectional paleo-flow data identifies a sedimentary input directed from the SSE 
flowing towards the NNE, largely parallel to the coastline field transect, and 
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corresponding to the proximal/distal lateral variation in Facies Associations from 
southeast to northwest.  
 
Figure 5-37 Summary of stratigraphic and facies characteristics in the complete measured sequence on 
the stratigraphic and spatial scale, including lateral bed correlations. Stratigraphic stacking is shown 
relative to the spatial distance between Stratigraphic stations SS-A to SS-H from which they were 
measured (C - inset of map). This illustrates distinct upsection and spatial groupings of facies 
associations which are classified as major sedimentary units, U-1, U-2 and U-3. Scale in 37D is 
relative to lateral physical distance between Stations only, vertical stacking is not to scale and only 
representative of general vertical relationships. Dotted lines between sedimentary units represent 
unmeasured stratigraphy, which also constitutes major bounding discontinuities.  
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Chapter 6: Discussion 
Sedimentation of the earliest Miocene Whakataki Formation is documented to 
have coincided with initiation of subduction at the Hikurangi Convergent Margin, off 
the east coast of North Island New Zealand, approximately ~25 Ma (Sporli, 1980; 
Kamp, 1987; Chanier and Ferrier, 1991; Rait et al., 1991; Neef, 1992; 1999). The 
major shift in tectonic regime from a passive margin during the late Oligocene, to 
convergent margin in the earliest Miocene, is considered to have had a significant 
influence on the contemporaneous sedimentary processes and environment of 
deposition for the Whakataki Formation turbidite sequence. A field case study 
undertaken at the Whakataki coastal exposure of the turbidite outcrop involved a 
high-resolution sedimentological, stratigraphic and facies analysis, which has 
allowed for the interpretations of collected data to be integrated with documented 
deep-marine facies models to propose a conceptual depositional model for the 
examined sequence.   
 
Sedimentary units of the Miocene Whakataki Formation, New Zealand, are 
characteristic   of   ‘classic’   deep-marine turbidite deposits (Bouma, 1962; Walker, 
1978). Recognition of particular sedimentological and stratigraphic features, both 
within and between discrete turbidite event beds, may be used to interpret an 
environment and mode of deposition for the turbidite system, with reference to 
widely used turbidite facies models documented in the literature (e.g. Bouma, 1962; 
Mutti and Ricchi Lucchi, 1972, Mutti, 1977; Normark, 1978; Walker, 1978; Lowe, 
1982; Readings and Richards, 1994). Turbidite facies modelling has largely been 
based on associations between stratigraphic patterns observed in turbidite outcrops, 
with architectural elements of idealized submarine-fan depositional systems (Section 
2.4; (Normark, 1970; Mutti and Ricci Lucchi, 1972; Walker and Mutti, 1973; Mutti, 
1977; Normark, 1978; Walker, 1978; 1992; Mutti, 1999). More recently, researchers 
have questioned   the   value   of   applying   the   ‘classical’   submarine-fan model to all 
deep-marine turbidite deposits, emphasizing the complexity in sedimentary processes 
active in the deep-marine depositional environment, which cumulatively influence 
the growth and morphology of deep-marine depositional systems (Walker and Mutti, 
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1973; Bouma, 1982; Reading and Richards, 1994; Stow, 1994; Richards and 
Bowman, 1998; Richards et al., 1998; Bouma, 2000; Stow and Mayall, 2000).  
 
The character of turbidite systems and resulting depositional morphologies are 
essentially dependent on several major constraints including: the local tectonic 
setting and basin architecture; eustatic and relative sea level fluctuations; and the 
rate, primary grain size, provenance, and feeder-system pathways of clastic input 
supplied to the system (Reading and Richards, 1994; Richards and Bowman, 1998; 
Richards et al., 1998). Depending on the local palaeogeography and tectonic setting 
at the time of sedimentation, variations derived from these major constraints may 
occur in concert with any number of other influencing factors, further increasing 
complexity of the system. With such variability in deep-marine depositional systems, 
a process-based approach in analysis of discrete turbidite outcrops is the most 
appropriate method for modelling the effective depositional environment.  
6.1 PROCESS SEDIMENTOLOGY OF THE WHAKAKATAKI 
TURBIDITES 
6.1.1 Composition and Provenance 
Sandstone Composition 
Bulk-point counting of 18 thin sections found the sandstone composition of 
turbidite beds in the Whakataki Formation to be classified primarily as Feldspathic 
Lithic Greywacke, with a significant modal abundance of feldspar minerals (22.07 
%), and lithic grains (mean 19.59 %), and a high mean proportion of fine-grained 
matrix at 32.7 %, calculated as a whole rock percentage separate from mineral modal 
counts. As shown in Section 5.3.1 Chapter 5, plotting the point counting data onto a 
ternary QFL diagram without matrix proportion, results in the bulk of data points 
falling between a classification of Lithic Arkose, and a Sublitharenite according to 
the Folk (1980) classification scheme, with a slight tendency towards higher feldspar 
proportion. The same data set overprinted on a provenance ternary diagram 
(Dickinson, 1985) illustrates the calculated QFL relative abundances to indicate a 
recycled orogenic provenance (Figure 6.1). A recycled provenance would be 
consistent with a detrital input deriving from uplifted continental basement rocks, 
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deformed and tectonically uplifted during contractional deformation of the Hikurangi 
Margin subduction wedge (Ballance, 1993; Korsch et al., 1993; Bailleul et al., 2007).  
 
Figure 6-1 Provenance QFL diagram with data points for 18 sandstone samples. All of the data (Table 




Bulk-powder XRD data largely corroborated with the point-counting modal 
abundances of QFL proportions. Of the major framework minerals detected using 
XRD, the average modal abundances of bulk-powder sandstone samples returned 
proportions of 41.1 wt% quartz, 18.8 wt% plagioclase (albite), and 6.7 wt% 
potassium feldspar (microcline). Lithic fragments could not be quantified as 
individual grains by XRD analysis due to their inherent detrital mineral 
compositions. Instead, the constituent mineral phase abundances of quartz and 
feldspar (albite and microcline) within each lithic grain would have been dispersed in 
the bulk XRD count, increasing the total proportion of each separate mineral phase in 
the bulk-powder XRD data.   
 
The significantly high percentage of feldspar, particularly of sodic plagioclase 
recorded in XRD data, is telling of both provenance and sediment transport histories. 
By plotting the weight proportions (wt%) of XRD bulk powder results for phase 
abundances of quartz (Q), plagioclase (P) and potassium feldspar (K) normalized to 












QtFL Provenance Plot (Dickinson, 1985) 
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the high proportion of sodium plagioclase indicates the detrital source area as being 
plutonic or volcanic arc in origin (Figure 6.2). Plotting the same data onto a variation 
of the QmPK provenance ternary diagram by Weltje (2006; Figure 6.3), results in a 
provenance classification bordering between magmatic arc, continental block, with a 
minor tendency towards a recycled orogenic provenance.  
 
These classifications are contrasted somewhat to the recycled orogenic 
provenance obtained by plotting QFL modal abundances from bulk-point counting 
analysis, and is influenced by the methods of quantification used in each analytical 
technique. In XRD analysis, proportions of individual mineral phases are calculated 
as a proportion of the whole rock mass, while bulk-point counting of QFL grains 
considers only three major mineral constituents (with plagioclase feldspar and 
potassium feldspar considered as one constituent), and are calculated as relative 
abundances, rather than proportion of total rock composition. Therefore point 
counting for modal abundances of QFL grains is more accurate in determining lithic 
proportions than the bulk powder XRD results.  
 
 
Figure 6-2 QmPK ternary diagram showing XRD mineral phase wt (%) whole-rock proportions for 4 
sandstone samples (data in Table 5.8). Proportions of quartz (monocrystalline), plagioclase and 
feldspar are normalized to 100 %. This plot indicates derivation from a volcanic arc (Dickinson, 1985) 
QmPK Provenance Plot (Dickinson, 1985) 
Qm 
K 
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Figure 6-3 QmPK ternary diagram showing XRD mineral phase wt (%) whole-rock proportions for 4 
sandstone samples (data in Table 5.8). Proportions of quartz (monocrystalline), plagioclase and 
feldspar are normalized to 100 %. This plot indicates a mixed-source, from a continental 
block/magmatic arc/recycled orogen provenance (Weltje, 2006). 
 
As seen in the QmPK ternary plots (Figure 6.2 & 6.3), the high sodic 
plagioclase (albite) content of the samples indicates a volcanic arc detrital input. 
Such a provenance may be consistent with andesitic arc volcanism active during the 
Neogene (beginning ~25 Ma) at the Northland-Coromandel arc, 
palaeogeographically located to the north-west of depositional site. However the 
significantly high abundance of albite (> 18 wt%) may also be explained by 
provenance from a recycled sedimentary source input, in which basement sediments 
of the evolving subduction complex have previously undergone albitization of K and 
Ca feldspars upon diagenesis, later to be tectonically uplifted during subduction 
deformation, and re-deposited as second cycle sodium-rich plagioclase in the 
younger examined sequence (Maynard, 1980; George, 1992). The recycled 
subduction provenance concept is convincing in the case of the Miocene Whakataki 
Formation, given the known tectonic regime at the time of deposition as being a 
newly active subduction zone at the Hikurangi Margin, with major thrust-fault 
deformation uplifting basement rocks across the overriding Indo-Australian plate 
(Chanier and Ferriere, 1989; 1991; Rait et al., 1991; Chanier et al., 1999; Bailleul, et 
al., 2007; 2013). The compositional character of the basement metasedimentary units 
of the early Cretaceous Torlesse tectonostratigraphic terrain are also compatible with 
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the proposed clastic source, comprising indurated and metamorphosed quartzo-
feldspathic  greywacke’s,  with  commonly  albitized  plagioclase  (George, 1992). 
 
Analysis of the geochemical and petrographic characteristics of the Whakataki 
Formation by Korsch et al. (1993) proposed the primary source for the Miocene 
turbidite sequence as deriving from the uplifted frontal arc of the west-ward dipping 
Miocene subduction zone, composed of the Mesozoic accretionary prism of the 
Torlesse Terrane. The interpretation of source area was based on point-counting 
modal abundances plot onto QFL ternary diagrams, and trace-elemental ratios 
recorded from two separate depositional event beds at Castlepoint, NZ. The modal 
abundances of framework grains recorded by Korsch et al. (1993) were for the most 
part consistent with the findings in the present research, however with a slightly 
lower count of feldspar and higher proportion of lithic grains, with a mean modal 
composition of Q56F15L29.  
 
The abundant lithic fragment content observed in thin section petrography 
(average 19.59 % in sandstone samples) supports derivation of a recycled orogen 
(Dickinson and Suczek, 1979). Polycrystalline quartz was abundant in thin section 
petrography and generally interpreted as volcanic or metamorphic in origin. 
Sedimentary lithic clasts of chert and indurated mud were also distinguished in thin 
section and SEM imaging (Section 5.3 and 5.4), suggesting a mixture of lithic grain 
detrital origins. The notable amount of glauconitic grains can be attributed to the 
increased tectonic tempo in earliest Miocene, which rapidly uplifted the preceding 
stable shelf sediments of the Palaeogene passive margin era, documented to comprise 
richly glauconitic shelf-sands of the Eocene and Oligocene (Ballance, 1993; Bailleul 
et al., 2007). This indicates some degree of local sedimentary input from underlying 
passive margin sediments.  
 
A generally high amount of carbonaceous matter was observed throughout the 
examined sequence, and likely accounts for a proportion of amorphous matter 
detected in XRD analysis. The presence of carbonaceous matter is particularly 
frequent in upper sequences of U-2 and U-3, and indicates a detrital input from a 
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vegetated terrigenous source area. This suggests the sedimentary source was not 
strictly derived from locally uplifted underlying Palaeogene passive margin units, but 
also from a terrigenous continental source. The mineral composition (Section 5.3, 5.4 
and 5.4) and lithic fragment material suggest sediments were supplied to the 
Whakataki turbidite system by the subaerial exposure of early Cretaceous basement 
rocks of the Torlesse Terrane (e.g. Korsch et al., 1993).  
 
Mudstone Composition 
The bulk-powder and fine-fraction (<5 µm) XRD analysis of a sample of Te 
Bouma interval mudstone enabled the mineralogy of the claystone in the Whakataki 
Formation to be qualitatively and semi-quantitatively evaluated, which could not be 
achieved using optical microscopy alone. As displayed in the graph below (Figure 
6.4), the content of amorphous matter in the Te mudstone sample was substantially 
high, confirming the likelihood that the bulk of anomalously high amorphous 
material detected in all samples, except for sandstone from SL-6; SS-A, can be 
attributed to disordered phases of extremely fine-grained clayey matrix.  
 
Figure 6-4 Graphic presentation of bulk-powder mineral phase proportions within a Te (Te_SL-8) 
claystone sample, compared to mean proportions within Tc (Tc_SL-1, Tc_SL-2, Tc_SL-4) sandstone 
samples. This illustrates the high proportion of amorphous matter in XRD data may be attributed to 
disordered clay minerals.  
 













Bulk-powder XRD proportions of Te claystone, referenced to 
mean Sandstone XRD proportions 
Mean Tc SST 
Te_SL-8; SS-D 
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The relative abundance of quartz, plagioclase and K-feldspar detected in the 
claystone bulk-powder XRD analysis resemble the relative proportions detected in 
sandstone samples (Mean wt% of sandstones displayed in Figure 6.4) and indicate 
derivation of detrital matter from the same source area. Quartz percentage exhibits 
the greatest variation from sandstone composition, and is expectedly linked to the 
preferential sorting and separation of finest clay, and weathered feldspar grain 
particles, from less-weathered, coarser-grained quartz particles. The major clay 
phases recorded in the Te sample from SL-8 comprised illite/muscovite (15.3 wt%) 
and chlorite (10.8 wt %), which suggest provenance from un-leached soils produced 
in a temperate terrestrial region (Keller, 1970; Curtis, 1990), consistent with the 
paleolatitude  of  New  Zealand’s  North  Island,  being  approximately  42°S  70°E  at ~25 
Ma (Wood and Stagpole, 2007). This substantiates a vegetated terrigenous source 
area inferred from sand-sized particle analysis.  
6.1.2 Compositional Maturity 
The combined component abundance analysis by XRD and point-counting of 
examined samples from the Whakataki Formation indicates relatively low 
compositional maturity, as generally labile and chemically unstable grains of lithic 
fragments and feldspar are significantly high in proportions. Undulose and 
polycrystalline quartz grains, which are less stable forms than monocrystalline 
quartz, are commonly observed in the examined samples, particularly in sediments of 
stratigraphic stations SS-A and SS-B, constituting U-2. This infers relatively direct 
derivation from source, without extensive weathering or transportation prior to 
deposition, or major chemical instability upon burial diagenesis.  
 
The same concept applies for the proportion of feldspar grains, in that sodium 
plagioclase is less stable than potassium feldspar and was recorded at significantly 
high proportions in all examined samples relative to K-feldspar. Although the high 
modal abundance of plagioclase is likely to result from albitization of Cretaceous 
metasedimentary source rocks (Section 6.1.1), the high detrital plagioclase 
component still demonstrates a low degree of compositional maturation from the 
source point through to deposition. The overall compositional immaturity of the 
examined sandstone samples from the Whakataki Formation suggests a depositional 
site relatively close to source, in which sediments have been deposited without major 
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transportation or re-working along the sediment-pathway, and is consistent with 
derivation from rapidly uplifted basement of the Cretaceous Torlesse Terrane 
(Korsch et al., 1993).    
 
The modal abundances of QFL framework grains are particularly useful for 
interpretation of compositional maturity of sediments (Dickinson and Suczek, 1979). 
The bulk QFL proportions were not significantly different throughout the entire 
sequence, indicating a single sediment source was likely providing clastic input 
throughout accumulation of the complete stratigraphic sequence. The detrital source 
is interpreted to have been relatively close to the depositional basin, resulting in little 
weathering or removal of labile feldspar and lithic grains during sediment 
transportation. As seen in the graphs below, minor trends were discernible when 
plotting the QFL bulk-point count proportions against their position stratigraphically, 
relative to basal SL-1 upwards to SL-8; or laterally, relative to proximal-distal zoning 
of stratigraphic station SS-A, northeastwards to distal SS-H.  
 
By fitting a linear trend line to the data, a positive relationship between 
stratigraphic height and quartz content is highlighted, together with a negative 
relationship between upsection locality and proportion of feldspar and lithics (Figure 
6.5). This indicates a slightly increasing degree of compositional maturity over time 
within the turbidite depositional system, and is consistent with derivation from an 
uplifting basement source, undergoing progressive weathering and increased 
transportation over time. Conversely, a very minor negative relationship is observed 
between lateral distances from source compositional maturity (Figure 6.6). This very 
slight variation in compositional maturity is interpreted to primarily reflect the timing 
of deposition for sedimentary sequences. 
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Figure 6-5 Line graph with linear trend lines displaying QFL proportions upsection on the 
stratigraphic scale from lower SL-2 to SL-8 
 
 
Figure 6-6 Line graph with linear trend lines displaying QFL proportions along strike of the NE 
trending field transect from proximal SS-A to distal SS-G.  
 
The XRD bulk-powder sandstone data demonstrates notable variations in 
compositional proportions in an upwards stratigraphic direction, between samples of 
SL-2 (SS-G) to SL-6 (SS-B). As seen in Figure 6.7 below, a significant increase in 
quartz abundance is apparent upsection, consistent with the results of the QFL bulk-
point counting analysis. This confirms an increasing compositional maturity over 
time within the turbidite stratigraphic sequence. However, contrasting to the QFL 
results, the upsection increase in quartz is accompanied by a very slight increase in 
the weight proportion of K-feldspar. Plagioclase returned a significantly high 
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variations upsection, unlike the decrease documented in total QFL feldspar in bulk-
point counting data.  
The disparity between upsection trends in feldspar mineral abundances in the 
QFL and XRD data is most likely the result of quantification methods involved in 
each of these analyses. As discussed earlier, the weight proportion of constituent 
feldspar mineral phases (both microcline and plagioclase) within individual lithic 
grains would be calculated separately by XRD and add to the total weight proportion 
of each mineral phase within a particular sample. An increase in K-feldspar 
measured in the total bulk powder XRD data is therefore likely to reflect an increase 
in K-feldspar fragments within detrital lithic grains, rather than an increase in 
discrete K-feldspar grains. The upsection variability in XRD feldspar compositional 
proportions may also be influenced by the fact that data for upper sedimentary logs 
S-7 and SL-8 has not been included. As sediments of SL-6; SS-A are the most 
coarse-grained of all samples (Section 5.3.2), the increase in K-feldspar between 
sediments of U-1 to U-2 is inferred to reflect a smaller proportion of larger stable 
feldspars weathering to clay minerals. This is substantiated in Figure 6.7, where it 
can be seen that the increase in K-feldspar is accompanied by a decrease in clay 
mineral proportions, and a decrease in amorphous matter which is taken to partially 
represent disorganized clay minerals.  
 
Figure 6-7 Proportional bar graph of XRD bulk-powder mineral phase proportions for sandstones in 
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A simultaneous decrease in bulk-rock proportion of calcite relative to 
stratigraphic position is illustrated in the XRD phase abundance graphs (Figure 6.7), 
which could not be quantified in the bulk-point counting data analysis. The trend in 
calcite proportion is not significantly indicative of compositional maturity, as much 
as it provides information regarding diagenetic processes over time, and is discussed 
further in section 6.2.4.   
6.1.3 Grain size and textural maturity 
Sediments of the entire stratigraphic sequence demonstrate a fine-grained 
character, with the coarsest sandstone beds of the Ta Bouma interval recording a 
mean grain size of 3.13  at Stratigraphic station 6, classified as fine- to very-fine 
sand according to the Udden-Wentworth Scale (Table 5.3). Such a fine-grained 
nature of the Whakataki turbidite deposits may indicate one or more of several 
conditions, including:  
 Provenance from a sedimentary rock with an already fine-grained 
character, such as from secondary-cycle sedimentation sourced from 
the Cretaceous Torlesse Terrane basement metasediments (as discussed 
in Section 6.1.1),  
 significant reworking of detrital grains prior to deposition by 
weathering and sediment transport processes, such as a long residence 
time on the sublittoral shelf where particles have been heavily reworked 
by wave action, or,  
 a distal-from-source depositional setting, in which the finer-grained 
particles have been preferentially sifted from coarser-grained particles 
along the longitudinal profile of the flow, to be deposited in the 
examined sequence as distal fine-grained turbidite deposits (Middleton, 
1970; Middleton and Hampton, 1973; Lowe, 1982; Kneller and 
McCaffrey, 2003).  
Grain particle morphologies were generally uniform throughout the examined 
sequence, ranging from sub-angular to sub-rounded, with low- to moderate 
sphericity. The reasonably angular morphology of grain particles refutes the 
hypothesis that sediments have previously been heavily reworked by erosion, 
weathering, and transport processes, as particles should be well rounded with higher 
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sphericity in such a case (Tucker, 2009). A depositional setting that is distal from 
source is challenged by the compositional immaturity of the sediments, comprising a 
high proportion of labile silicate minerals which would be progressively removed by 
weathering processes along an extensive sediment transport pathway (Walker, 1967). 
The most fitting explanation for both the fine-grained character and angular grain 
morphology of the sediments is therefore that of a secondary sedimentary source 
from the early Cretaceous basement rocks of the Torlesse Terrane. In this process, 
particles have been recycled from detrital sedimentary rocks of the previously 
accreted tectonostratigraphic terrane, which resulted in progressively decreased grain 
sizes through each sedimentary cycle. Subsequent deposition of secondary-cycle 
detrital sediments into the examined sequence was supplied directly and rapidly from 
source, accounting for the low-degree of grain boundary abrasion.  
 
Sediment sorting is a measure of the spread in grain-size distribution and 
indicates the effectiveness of the depositional medium in separating grains of 
different sizes. As turbidity currents transport the bulk of sediments in suspension, 
deposits of turbidites are expected to be generally well-sorted due to effective 
separation of the finest silt and mud particles from sand-sized particles both laterally 
with distance from source, and vertically through a density-stratified flow, due to 
preferential settling of coarser-grain sizes out of suspension as a flow passes over a 
particular point (Bouma, 1962; Kuenen, 1966; Stow and Bowen, 1980; Kneller and 
McCaffrey, 2003). Petrographic analysis found that sediments of the Whakataki 
Formation are moderately-well sorted in almost all examined thin sections of Ta, Tb 
and Tc sandstones; except for samples of SS-A, SS-B and SS-C, which comprise 
well-sorted sediments with standard deviations () ranging from 0.32  - 0.49; and 
from SS-D (SL-8), which comprise only moderately sorted sediments with standard 
deviations () ranging from 0.71 – 0.72 .  
 
The change from moderately-well sorted, to well-sorted sediments between 
samples of Sedimentary logs SL-4; SS-E and SL-5; SS-A coincides with the sharp 
break between sedimentary units U-1 and U-2, and indicates a significant change in 
depositional processes at this point in sedimentation of the sequence. The well sorted 
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sandstone samples from SS-A to SS-C also comprise the most coarse-grained 
character of examined Tb and Tc intervals, as well as the lowest proportions of 
matrix. Several studies have indicated that variations in flow rheology may result in 
sharp breaks in grain size and grain sorting properties within turbidite deposits. A 
change in flow rheology arises from an increase or decrease in sediment 
concentration paired with a change in flow velocity, which are often interdependent 
properties (Middleton, 1993; Shanmugam, 1997; Talling et al., 2012). For example, a 
turbidity current with high sediment concentration may initially move at higher 
velocities down-slope due to an increased density contrast of the sediment-fluid 
mixture relative to the surrounding ambient water (Kneller and Branney, 1995). In 
such high-velocity flows, the finest-grained particles will maintain in suspension 
until flow velocity is reduced to the point where the particle suspension threshold is 
reached for each grain size (Stow and Bowen, 1980; Parker, 1982b; Middleton, 1993; 
Kneller and Buckee, 2000; Kneller and Mccaffrey, 2003; Partheniades, 2009; Pantin 
and Franklin, 2011; Talling et al., 2012). This is a fitting explanation for a higher 
degree of sorting in the more proximal deposits of U-2 and U-3. 
 
The coarser-grained lithological characteristics and higher degree of particle 
sorting in sediments of U-2 and SL-7 indicate sedimentation in this part of the 
sequence was likely to have been deposited by higher-velocity turbidity currents (> 
12m s-1; (Kneller and Branney, 1995) than deposits of lower sequences in U-1, which 
did not allow for finer-grained particles to settle out suspension (Kneller and 
McCaffrey, 2003). This is likely to be a result of the more proximal location to 
source of U-2, and/or due to an increase in the energy of effective turbidity currents 
around that time. An increase in turbidity current velocity may arise with steepening 
of the continental slope at, or above, a critical gradient (~2.25°), which results in a 
subsequent increase in sediment-concentration as particles are progressively 
entrained by the erosive, high-velocity head of the flow (Bagnold, 1962; Middleton, 
1993; Kneller and Branney, 1995; Kneller and Mccaffrey, 2003; Haughton et al., 
2009; Pantin and Franklin, 2011; Talling et al., 2012). This process is sometimes 
referred  to  as  an  ‘ignitive’  turbidity  current,  in  that  the  flow  increases  in  density  and  
velocity due to erosive sediment entrainment, ultimately propagating the self-
suspending turbid flow further (Parker, 1982a; Parker et al., 1987). 
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The well-sorted Tb sandstones of Stratigraphic Station A, SS-A, in particular, 
may  also   represent   ‘reworked’   intervals   of   a   surging   turbidity   current   (Kneller   and  
McCaffrey, 2003). Proximal deposits of surging flows reflect periods of 
sedimentation under the waxing stage, as well as waning stage, of high-density, high-
velocity turbidity currents (Kneller and McCaffrey, 2003). The reworked interval 
records the shear stress of the waxing phase as it passes over a given point (Kneller, 
1995), so that rapidly accumulated massive sands deposited from the head of the 
flow in a proximal depositional site, will be followed by a period of bypass and 
possibly erosion of the more hindward, low-density, high-velocity tail of the flow 
(Kneller, 1995; Kneller and McCaffrey, 2003). As the hindward current bypasses the 
massive proximal sands, finer grained sediments are winnowed away at the 
sediment-fluid interface, resulting in clean sorted sands with tractional structures of 
parallel lamination (Tb), cross-bedding (Tc), or wavy bedding in the upper limits of 
the bed (Kneller and McCaffrey, 2003). This reworked interval usually overlies an 
erosional surface, and stacked beds commonly exhibit reverse grading as the waxing 
phase is recorded in proximal sands. Such bedding structures were observed in 
Stratigraphic Station A (Figure 6.8), and so this is a convincing explanation for at 
least some of the well-sorted sediment characteristics observed in sandstones from 
U-2, also confirming a proximal depositional site for Stratigraphic station locations 
SS-A and SS-B. 
 
 Overall, the sediment grain size distributions and particle morphologies 
indicate a two-phase impression of textural maturity, wherein derivation from a 
secondary sedimentary cycle of uplifted basement metasediments of the Torlesse 
Terrane (Sporli, 1980) have resulted in a particularly fine-grained character; however 
relatively direct transport from the sedimentary source to depositional site resulted in 
minimal grain abrasion. The particular grain texture characteristics observed are 
consistent with the compositional immaturity of sediments previously described in 
Section 6.2.2.  
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Figure 6-8: Amalgamated sandstone bed from field site location SS-A. The red boxed area is shown at 
a closer view in the lower image to highlight sedimentary structures. Reverse graded Bouma intervals 
are interpreted to result from reworking of accumulated turbidite sands by subsequent high-velocity 
turbidity currents bypassing underlying sands of previous turbidity current events.  
 
 
6.1.4 Matrix, Cement, and Diagenetic Process Interpretations 
The process of diagenesis comprises both chemical and physical aspects, which 
are strongly influenced by environmental conditions upon deposition and burial of 
sediments. Lithified sediments may then undergo further physical and chemical 
processes during subsequent uplift in tectonically active regions, producing post-
diagenetic sedimentary structures. Physical diagenetic changes include compaction, 
fluid migration, and pressure solution, which are subsequently accompanied by 
chemical changes in the form of mineral replacement, cementation, dissolution and 
mineral precipitation. Analysis of relationships between diagenetic products can be 
related to a sequential order of particular processes, classified as either early or late 
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phases of diagenesis, and thus offers information regarding the timing of operative 
processes and details of the encompassing depositional environment may be 
interpreted.  
Clay Matrix 
The primary lithology observed in the Whakataki Formation sandstones was of 
Feldspathic Lithic Greywackes. The important distinction here is the lithological 
character of greywackes, which by definition (Pettijohn, 1975) comprise greater than 
15 % of fine-grained matrix as a whole rock component. The XRD bulk-powder and 
fine-fraction (<5 µm) analysis returned major diffraction patterns for several major 
clay mineral phases as well as calcite, both taken to represent the fine grained matrix 
proportion of the greywacke lithology, and which were clearly distinguishable in 
optical petrographic microscopy. smectite, illite and chlorite were detected as major 
to moderate clay phases in all samples, and Kaolin was detected only in the sample 
from SL2; SS-G, in both bulk-rock and clay-fraction analysis, occurring in minor 
proportion.  
 
Scanning electron microscopy (SEM) analysis allowed for high-resolution 
examination of the interstitial composition of sandstone and siltstone samples of the 
Whakataki Formation turbidite beds. Observations strongly indicate the main source 
of fine-grained matrix as being secondary in origin, deriving from authigenic 
precipitation of calcite cement, and the dissolution and breakdown of labile detrital 
grains into pore-filling clay minerals (Coombs, 1960; Cummins, 1962; Brenchley, 
1969; Parker, 1982a; Parker et al., 1987; Curtis, 1990; Craw et al., 1995; Cox and 
Lowe, 1996). This was concluded as the key visual criteria for recognizing secondary 
“pseuodmatrix”   suggested   by   Dickinson   (1970)   were   met   (See   figure   6.9).   These  
criteria include: (1) wisps of lithic fragments altering to clays, infilling corner 
orifices between stable grains; (2) psuedofluidal internal fabric of degraded labile 
grains, in which minerals align to the margins of surrounding stable grains; and (3) 
large spaces between stable grains infilled with muddy matrix, particularly 
distinguishable when contiguous pore spaces are filled with semi-homogenous 
matrix that is texturally distinct from juxtaposing pore-filling matrix (Dickinson, 
1970).  
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Figure 6-9 Backscattered electron image of TS3.4 from SL8;S S-D highlighting the pore-filling 
'psuedomatrix' (Dickinson, 1970) of greywackes in the examined turbidites. Three criteria for 
secondary psuedomatrix are shown by coloured arrows: Criteria 1) = Yellow, Criteria 2) = Red, and 
Criteria 3) Blue. See in text for descriptions of criteria.  
 
 
Figure 6.9 was taken from sample TS3.4, of SS-D; SL-8, and illustrates the 
dominance of secondary psuedomatrix, with various clay textures in contiguous pore 
spaces (Criterion 3; Dickinson, 1970). The intergranular matrix is clearly associated 
with the degradation of labile grains, and highlighted by the blue arrows. The red 
arrows highlight areas of aligned clay fabrics between more stable grains (Criterion 
2), and the yellow arrows point out the wispy, pore-filling nature of matrix between 
corner inter-grain orifices (Criterion 1; Dickinson, 1970). The dominance of 
secondary psuedomatrix (mean 32.67 % in sandstones) suggests that the in situ 
degradation of larger grain particles may have skewed analysis of primary grain size 
distributions and mineral compositional analysis. With a significantly high 
proportion of intergranular matrix being a secondary product, it is possible that the 
grain sizes, grain size distribution, particle sorting, and proportion of labile mineral 
grains may have been underestimated. XRD and SEM mineralogical analysis proved 
important in this way.  
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Calcite Cement 
Calcite recorded a total bulk-sample percentage ranging from 11 wt% in SL-1; 
SS-H, to 0 wt% in SL-6, SS-A in XRD bulk-powder analysis, with a notable 
decrease in proportion upwards through the examined vertical section from basal SL-
1 to upper SL-8 in combined XRD, SEM and petrographic observations (Section 
6.2.2). Based on these techniques, it was found that calcite cement is particularly 
abundant in samples from the lower examined sequences of U-1 (FA-A), from which 
sample sites were located towards the distal end of the field transect at stratigraphic 
stations SS-E to SS-H. Calcite cement occurs in lower proportions in the upper 
sequences of U-2 and U-3.  
 
Of the sandstone samples containing calcite, the cement character suggests 
relatively early diagenetic cementation, in that individual framework grains are 
commonly enveloped by large crystals of equant blocky mosaics, to poikilotopic 
calcite, resulting in a floating texture of major framework grains (Figure 5.12 and 
5.13). This fabric was particularly apparent in thin section samples from SL-1, which 
also returned a significantly high calcite proportion of 11 wt% in the XRD analysis 
(Table 5.8). The pore-filling habit of the calcite cement, surrounding stable 
framework grains, suggests nucleation prior to significant compaction and 
dissolution of silicate minerals upon burial, thus indicating a relatively early 
diagenetic phase (Galloway, 1974; Moore, 1989). 
 
The most likely source for early calcite cementation in the Whakataki 
sandstones may have been caused by early diagenetic sulphate reduction of organic-
rich sediments, deposited along with clastic sediments suspended in turbidity 
currents. In this process, shallow-marine oxidation of organic matter by bacterial 
degradation has been documented to drive up alkalinity in pore water in an early 
diagenetic process, consequently leading to carbonate dissolution and re-precipitation 
as calcite cement (Coleman, 1993; Castanier et al., 2000). As well as calcite 
precipitation, coincidental pyrite mineralization is a common product under sulphate 
reducing conditions (Compton, 1988). The observation of well-formed euhedral and 
framboid pyrite minerals in the sandstones of the Whakataki Formation provides a 
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strong line of evidence to support this theory for a source of calcite cement, 
particularly as pyritization is directly observed to be associated with carbonaceous 
fragments and carbonate microfossils (as described and illustrated in Figure 5.15 
Section 5.3.3). Early precipitation of calcite cement by sulphate reduction suggests 
diagenesis began in relatively shallow waters, in mid- to upper- bathyal depositional 
settings (Castanier et al., 1999). 
 
SEM analysis indicated some degree of compaction in sandstone samples, 
more so in samples from upper units U-2 and U-3. This was observed in the 
occurrence of bent and misshapen platy mica grains between more stable grains, 
crushed foraminifera tests, and minor cases of sutured grain contacts between 
juxtaposing quartz and feldspar grains (Figure 5.14). Sutured grain boundaries 
between silicate minerals indicate the sediments have been buried under significant 
overburden, resulting in pressure solution of silica at some stage during diagenesis 
(Crook, 1968). The lower degree of compaction in sediments of lower sequences 
from U-1 is counter-intuitive as these sediments represent deeper parts of the 
turbidite succession, thus should have been affected by increased overburden 
pressure. This can be explained however, by the high proportion of calcite cement in 
the sandstones of the lower sequences. As an early diagenetic product, calcite cement 
would have provided a stable framework between pore spaces, distributing the load, 
and reducing compaction and contact pressure between sediments during burial. The 
general absence of quartz overgrowths in these samples reinforces that calcite 
cementation preceded pressure dissolution of silicate minerals (Borsetti et al., 1975).  
 
6.2 ICHNOFOSSILS AND ENVIRONMENTAL IMPLICATIONS 
The ichnofaunal assemblages documented in the Whakataki Formation 
turbidites indicate   crossover   between   two   of   Seilacher’s   (1953)  marine   archetypal  
ichnofacies: Cruziana and Zoophycos. These ichnofacies have typically been 
interpreted to represent environmental conditions associated with the sublittoral shelf 
zone, down to the base of the continental slope (Seilacher, 1953; 1967; Pemberton et 
al., 1992; Bromley, 1996). The presence of two distinct ichnofacies within the same 
stratigraphic succession at Whakataki is reflective of the repetitive variation from 
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normal equilibrium environmental conditions, associated with periodic gravity-
driven depositional events. The major ichnofacies present in the field transect 
however, are not consistent with typical deep-water ichnofacies of Nereites 
(Seilacher, 1953; Bromley, 1990; Frey et al., 1990; Pemberton et al., 1992; Uchman, 
1995; 1998; Shultz and Hubbard, 2005; Heard and Pickering, 2008). 
 
The   Cruziana   ichnofacies   represents   ‘repichnia’   crawling   traces   and  
‘domichnia’   dwelling   traces,   indicative   of   higher   energy,   well-oxygenated settings 
(Seilacher, 1964; Frey et al., 1990; Pemberton et al., 1992). Cruziana is represented 
in the outcrop sequence by ichnogenera of Skolithos, Planolites, Scolicia and 
Thalassinoides. Zoophycos on the other hand, are representative of feeding traces 
‘fodichnia,’   and   indicative   of   lower-energy settings, with relatively oxygen-limited 
bottom water conditions (Seilacher, 1964; Frey et al., 1990; Pemberton et al., 1992). 
Zoophycos ichnofacies is represented in the outcrop sequence by ichnogenera of 
Zoophycos, Spirophyton, Planolites and Chondrites. The major ichnofaunal 
association observed in the total outcrop sequence is of Planolites-Chondrites-
Scolicia, occurring in a particular tiering pattern within discrete turbidite event beds 
(Section 5.6.2). The occurrence and abundance of Skolithos, Thalassinoides, 
Spirophyton and Zoophycos is relatively minor, and distinctly associated with 
variations in the character of turbidite bedding between U-1, U-2 and U-3.   
 
The association of Planolites-Chondrites occur most frequently together in 
thicker Td-e mudstone beds, especially common in U-1 and U-3. This ichnofaunal 
association is interpreted as the pre-turbidite background equilibrium community due 
to the high-density/low-diversity exploitation of inter-turbidite hemipelagic 
sediments (Seilacher, 1962; Kern and Warme, 1974; Bromley, 1996; Seilacher, 
2007). Low-energy conditions and slow sedimentation rates between periodic 
turbidity   currents   allows   for  deep   colonization  of   the   ‘fodichnia’   trace  makers   into  
hemipelagic sediments (Ekdale et al., 1984; Frey et al., 1990; Shultz and Hubbard, 
2005; Heard and Pickering, 2008). Planolites and Chondrites are considered as part 
of the Zoophycos ichnofacies, and indicate quiet, dysoxic to anoxic bottom water 
conditions with high organic nutrient supply (Seilacher, 1953; Kern and Warme, 
1974; Ekdale et al., 1984; Bromley, 1990; Frey et al., 1990; Pemberton et al., 1992; 
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Uchman, 1995; Shultz and Hubbard, 2005). The classification of the pre-turbidite 
background community as part of the Zoophycos ichnofacies therefore indicates low-
energy, low-oxygenated conditions as being the normal, stable equilibrium 
environmental setting for deposition of the Whakataki turbidites. Post-turbidite 
ichnogenera of Thalassinoides, Spirophyton and Zoophycos, which were observed 
with low frequency and abundance in U-1 and U-3, are also considered as part of the 
Zoophycos ichnofacies. These trace-makers exploit the sandy substrate deposited 
with turbidity current events under low-energy and low-oxygenated conditions. Such 
conditions are consistent with deposition of the examined turbidite sequence on the 
continental slope, below storm-wave base, as typically interpreted for the Zoophycos 
ichnofacies (Seilacher, 1953; 1964; Frey et al., 1990; Pemberton et al., 1992).  
 
Scolicia is the dominant post-turbidite ichnofauna in the Whakataki outcrop 
sequence, occurring frequently in a tiering profile with the Zoophycos background 
community of Planolites-Chondrites in all sedimentary units U-1, U-2 and U-3. 
Scolicia is part of the Cruziana ichnofacies (Seilacher, 1953; 1964), specifically 
interpreted as the crawling and grazing trace of irregular benthic echinoids (Uchman, 
1995a; Wetzel and Uchman, 2001). The trace fossil is typically interpreted to 
represent  “shallow  water”  or  “near-shore”  environmental  conditions,  associated  with  
sandy substrates and generally well oxygenated bottom-water conditions (Frey et al., 
1990; Wetzel and Uchman, 2001). The common occurrence of this trace fossil 
throughout the examined turbidite sequence reflects a dominant opportunistic 
colonization strategy of Cruziana ichnofauna, which has overprinted the equilibrium 
Zoophycos profile. In this process, shallow-water benthic echinoids were transported 
down-slope along with increased supplies of oxygen and nutrients in gravity-driven 
currents, allowing short-term colonisation and exploitation of the newly-deposited 
sandy substrate (Föllimi and Grimm, 1990; Kane et al., 2007; Heard and Pickering, 
2008). Such a high frequency and abundance of the Scolicia ichnofossil suggests a 
depositional setting that is either relatively proximal to the turbidite feeder-system, 
where oxygen and nutrients required for survival and subsequent colonization of 
Scolicia are readily supplied into the depositional system (Griggs et al., 1969; 
Crimes, 1977; Vetter and Dayton, 1998; Kane et al., 2007); or, a shallow-water 
depositional environment above storm-wave based, in which these environmental 
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conditions naturally occur. The latter case however is highly unlikely as deeper-
water ichnofauna of Zoophycos cannot be transported up-slope, unlike Cruziana 
which are readily transported down-slope. There is also a lack of evidence of near-
shore sedimentary structures recorded in the stratigraphic sequence, consistent with a 
deeper-water depositional environment. 
 
The ichnofaunal assemblages and decreased bioturbation intensity observed in 
U-2, FA-C demonstrates a shift in environmental conditions active during 
sedimentation of this depositional unit. The trace fossil of Skolithos is only 
documented in U-2, exploiting thick-bedded sandy turbidite beds in Ta and Tb 
Bouma intervals. Skolithos are   ‘domichnia’   dwelling   traces,   and   are   diagnostic   of  
high energy, shoreface environmental conditions (Seilacher, 1953; 1967; Ekdale et 
al., 1984; Frey et al., 1990; Pemberton et al., 1992). The occurrence of this trace 
fossil only in U-2 is interpreted to reflect the proximal depositional locality of this 
part of the sequence relative to the gravity-driven feeder system (Griggs et al., 1969; 
Crimes, 1977; Vetter and Dayton, 1998; Kane et al., 2007). The ichnofaunal 
assemblage of U-2 is dominated by post-turbidite opportunistic traces of Skolithos-
Planolites-Scolicia, with low-density populations of pre-turbidite Chondrites 
documented in inter-turbidite Td mudstone intervals. This particular suite of 
ichnofossils is classified as part of the Cruziana ichnofacies, and the distinct variation 
in the dominant ichnofacies from Zoophycos in U-1 and U-3, emphasises the 
significant variation from normal equilibrium, low-energy conditions that dominated 
throughout sedimentation of U-2, and that is recorded in the stratigraphic and 
sedimentological characteristics of FA-C. The low-diversity, high-density occupation 
of the Cruziana ichnofacies in proximal locations shifts with lateral distance into a 
higher-diversity, low-density community of the Zoophycos ichnofacies with minor 
Cruziana in the most distal study sites. This suggests a channel-feeder system located 
to the south of the field section which renewed oxygen supplies and organic nutrients 
into the system, enabling short term colonization of shallow-water organisms in 
deep-water settings at more proximal locations (Heard and Pickering, 2008). Such a 
feeding direction is supported by the sedimentological and palaeocurrent data 
obtained in this study, oriented dominantly NNE. 
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The major trace fossil associations occur in particular tiering structures within 
turbidite Bouma Sequences and resemble the observations of Shultz and Hubbard 
(2005) from the Cretaceous Tres Pasos turbiditic sandstone sequence in Spain. Shultz 
and Hubbard (2005) deemed a similar ichnofossil association in the Tres Pasos 
Formation of Planolites-Chondrites-Thalassinoides, to be classified under the 
Zoophycos ichnofacies, indicative of turbidite deposition at bathyal depths on the 
continental slope, deposited in a slope mini-basin. A lack of complex graphoglyptid 
burrows of the Nereites ichnofacies was an important criteria used in environmental 
interpretations of Shultz and Hubbard (2005). Nereites ichnofossils are indicative of 
abyssal depth equilibrium environmental conditions (Uchman, 1995), and the lack of 
this particular community, particularly in mud-dominated facies where the 
background equilibrium community is most abundant, is taken to substantiate that 
the turbidite sequences were deposited above abyssal depths (Pemberton et al., 1992; 
Shultz and Hubbard, 2005; Kane et al., 2007). Following from this interpretation, the 
lack of Nereites ichnofossils in the Whakataki Formation parallels the observations 
of Shultz and Hubbard (2005) and therefore taken to indicate a depositional setting 
on the continental slope at mid-to upper-bathyal settings.  
 
6.3 PALAEOBATHYMETRY OF THE RECEIVING SEDIMENTARY 
BASIN  
Previous workers have inferred an upper- to mid-bathyal (~200-1000 m) 
depositional setting for the Whakataki Formation based on biostratigraphic studies of 
foraminferal data (Morgans, 1995; Bailleul et al., 2007). The underlying calcareous 
mudstone units of the Oligocene Weber Formation are described as mid-bathyal, 
passive margin deposits, having palaeobathymetric profiles determined also by 
foraminifera biostratigraphy (Lee and Begg, 2002; Bailleul, et al. 2007; 2013). A 
conformable relationship with the Weber formation at inland localities suggests 
deposition of the Whakataki Formation to have overlain the Oligocene sediments at 
similar water-depths. Data collected in this research are consistent with deposition of 
the examined Whakataki Formation at relatively upper-bathyal settings on the 
continental slope, contrasting to typically interpreted base-of-slope, and abyssal plain 
settings for turbidite systems and submarine-fan depositional environments (Mutti 
and Ricchi Lucchi, 1972; Mutti, 1977; Walker, 1978).   
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As described above in Section 6.1.5, the primary ichnofaunal assemblages and 
ichnofacies associations observed in the Whakataki turbidite outcrop indicate 
sedimentation to have occurred above abyssal depths. The primary ichnofacies 
documented in the field section comprise a combination of typically shallow- to mid-
bathyal ichnofacies of Cruziana and Zoophycos (Seilacher, 1953; 1964; Pemberton et 
al., 1992; Wetzel and Uchman, 2001). The lack of traces fossils of the Nereites 
ichnofacies, which are diagnostic of abyssal depth basin-plain environmental 
conditions, substantiates sedimentation occurred at mid- to upper-bathyal settings. 
A notably high content of calcite cement (particularly in U-1) also supports 
mid-upper bathyal sedimentation settings. It is interpreted that post-depositional 
diagenetic calcite precipitation in sandstones was a relatively early and shallow 
process, in order for authigenic calcite framework mineralization to have preceded 
burial compaction of the deepest sediments of the sequence, as discussed in Section 
6.1.4).  
6.4 TECTONIC AND PALAEOGEOGRAPHIC SETTING OF THE 
RECEIVING SEDIMENTARY BASIN 
A mid-to-upper palaeobathymetric setting for the Whakataki turbidite system 
indicates ponding of gravity-driven sediment flows within a sedimentary basin 
located on the continental slope. In tectonically active settings, accumulation of 
turbidite deposits within confined trench-slope and intra-slope basins produced by 
compressional structural deformation is common (Seely et al., 1974; Moore and 
Karig, 1976b; Bouma et al., 1978). Miocene-Pliocene trench-slope basins of the 
Neogene Hikurangi Convergent Margin accretionary wedge are well-documented on 
the  east  coast  of  New  Zealand’s  North   Island,  specifically  observed  outcropping   in  
the Wairarapa Region and the Coastal Ranges (Van Der Lingen and Pettinga, 1980; 
Davey et al., 1986; Turnbull, 1988; Neef, 1991; 1992; Ballance, 1993; Neef, 1999; 
Bailleul et al., 2007). A trench-slope basin depositional setting is therefore a 
plausible   explanation   for   the   anomalously   “shallow-water”   characteristics  
documented in the study site field outcrop of the Whakataki Formation turbidites 
(Section 6.3).  
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Several researchers have investigated the structural and stratigraphic evolution 
of the Neogene Hikurangi Margin inner-subduction wedge, which initiated growth 
ca. 25 Ma and since been tectonically uplifted and exposed on the east coast of North 
Island, New Zealand (Sporli, 1980; Van Der Lingen and Pettinga, 1980. The 
Whakataki Formation is interpreted to represent the basal sedimentary unit of the 
Miocene-Quaternary sedimentation phase associated with tectonic growth of the 
Hikurangi subduction wedge (Chapter 2; Pettinga, 1982; Davey et al., 1986; Field et 
al., 1989; Rait et al., 1991; Neef, 1992; Ballance, 1993; Neef, 1995; 1997; 1999; Lee 
and Begg, 2002; Field, 2005; Bailleul et al., 2007; Bailleul et al., 2013). Facies 
interpretations of the Whakataki Formation have generally been described as distal 
basin-plain deposits, classified in accordance with Facies D of Mutti and Ricchi 
Lucchi (1972; Section 2.4). Specifically, analysis of the sequence at several localities 
across the Coastal Ranges suggests the turbidite sequence was deposited by south-
eastward flowing, low-density turbidity currents, into an unconfined, distal basin-
plain environment during the Waitakian-Otaian (~25-17.5 Ma) (Neef, 1991; 1992; 
1995; 1997; Bailleul et al., 2007; Bailleul et al., 2013). 
 
Overlying the Whakataki Formation in the Wairarapa Coastal Ranges, sedimentary 
units of lower-mid Miocene to upper-mid Miocene (~17.5 – 13.2 Ma) are interpreted 
by Bailleul et al. (2007; 2013) to represent a mature trench-slope basin-fill sequence 
of the Akitio Basin. During sedimentation of the basin-fill sequence commencing ca. 
17.5 Ma, the Akitio Basin was bound to the east by structural relief along the Tinui 
and the Whakataki Fault Complexes (Bailleul et al., 2007; 2013). In this 
interpretation, deposition of the basal Miocene Whakataki Formation (~25 Ma) is 
proposed to have preceded compressional deformation and confinement of gravity-
driven processes to the mature Akitio trench-slope basin.  
 
Bailleul et al. (2007; 2013) also make reference to a disorganized facies of 
widespread olistostrome deposits, which are observed at the base of the Whakataki 
Formation at several localities, and which reflect initiation of thrust-fault activity 
along the Tinui and Whakataki Faults  (Johnston, 1980; Chanier and Ferriere, 1991; 
Neef, 1992; 1999; Bailleul et al., 2007; Bailleul et al., 2013). Mass-transport 
processes and debris flows were shed from the leading edge of seaward-propagating 
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thrust sheets during nappe emplacement, coinciding with initiation of subduction 
deformation ca. 25 Ma (Chanier and Ferriere, 1991; Rait et al., 1991; Bailleul et al., 
2007; Bailleul et al., 2013). The observation of olistostrome deposits at Whakataki (~ 
2 km north of the present field site; Figure 4.1), suggests activity along the 
Whakataki Fault to have preceded deposition of the examined turbidite sequence, 
and reflect the earliest phase of sedimentation of the coastal stratigraphy (Johnston, 
1980; Chanier and Ferriere, 1991; Neef, 1992; 1999; Bailleul et al., 2007; Bailleul et 
al., 2013). 
 
The data collected throughout this program of research suggests that the 
examined turbidites outcropping at the Wairarapa field location accumulated within a 
different sedimentary basin than that for inland exposures of the sequence, west of 
the Tinui and Whakataki Faults (Neef, 1992; 1995; 1997; Bailleul et al., 2007; 
Bailleul et al., 2013). Based on the sedimentological and stratigraphic results, 
integrated with the relevant literature from these other outcrop sites, it is interpreted 
that the coastal exposure sequence located at Whakataki accumulated within an 
immature trench-slope basin, situated down-slope of the mature Akitio trench-slope 
basin, east of the Tinui and Whakataki Faults. This interpretation is based off several 
key arguments: 
1. The base of the Whakataki Formation at Castlepoint comprises a large-
scale olistostrome deposit, interpreted to represent debris flows initiated 
by submarine reworking along the eastern margin of tectonically 
uplifted Whakataki thrust fault (Neef, 1997; Bailleul et al., 2013). This 
interpretation suggests that significant movement along the Whakataki 
Fault was active prior to deposition of the examined coastal exposure of 
Miocene turbidites, and substantiates the existence of a structural 
boundary between the upper-slope Akitio Basin and an immature 
trench-slope basin in which the examined sequence accumulated.  
2. Structural analysis of the outcrop area delineated an asymmetric 
syncline structure in which the complete examined stratigraphic 
sequence is situated, oriented sub-parallel to the subduction margin 
with a fold axis Trending 235° Plunging 10°S (principal stress/strain 
direction   (ϑ1)   ~325°;;   Ballington,   2013).   Internally,   strata   within the 
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syncline feature demonstrate simple folding and dip more steeply 
landwards. This structural and basin-fill configuration of the outcrop 
sequence is consistent with sedimentation in trench-slope basins 
(Moore and Karig, 1976).  
3. The strongly unidirectional NNE palaeocurrent data recorded in the 
stratigraphic sequence at Whakataki (Section 5.1.2) follows the 
structural orientation of all major compressional features observed in 
the Coastal Ranges, elongated towards the NNE (~030°), sub-parallel to 
the Miocene subduction margin (Bailleul et al., 2013). A dominant 
paleo-flow in this direction strongly supports the interpretation that 
turbidity currents were funnelled axially into a trench-slope 
sedimentary basin, confined in an NW-SE direction on the continental 
slope.  
4. The same NNE trend in palaeocurrent data was recorded for the 
Whakataki Formation in other coastal exposures observed at Akitio 
(Neef, 1992). These paleo-flow directions contrast to the dominantly 
SE-directed palaeocurrent data recorded from inland exposures of the 
Whakataki Formation, west of the Tinui-Fault complex and Whakataki 
Fault (Neef, 1992; 1995; 1997; 1999; Bailleul et al., 2007; Bailleul et 
al., 2013). The distinction variation in paleo-flow between the inboard 
and outboard portions of the submarine sequence indicates a variation 
in sedimentary basin configuration, relative to the outcrop position east 
or west of these major thrust faults.  
The occurrence of bidirectional ripples in Tc intervals of SL-1, SL-5 
and SL-8 (Section 5.6.1) is taken to indicate rare turbidity currents 
introduced from a northern source. This is inferred to result from higher 
concentration flows, which overtopped the structural boundary of the 
upper mature trench-slope basin and were introduced via different 
pathways directed from north.  
The NNE directed paleoflow direction is interpreted to be the result of fine-
grained, gravity-driven turbidity currents rebounding off an eastern structural 
bathymetric boundary and deflecting axially along trend of the confined basin. This 
process is typical of trench-slope basin sedimentation and is a valid explanation for 
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the uniformity in palaeocurrent indicators of the Whakataki Formation, given the 
tectonic setting and syn-depositional structural deformation occurring along major 
thrust faults of the continental slope (Moore and Karig, 1976b; Smith et al., 1979; 
Underwood and Karig, 1980; Underwood and Norville, 1986b; Underwood and 
Moore, 1995b; Bailleul et al., 2007; Bailleul et al., 2013). Due to the subaerial 
exposure of the turbidite outcrop along a tidal platform, the off-shore submarine 
extent of the Whakataki Formation cannot be definitively constrained. However, 
further  north  along  the  North  Island’s  east  coast,  the  Turnigan  Fault  is  documented  to  
have resulted in uplift of the Cape Turnigan High ca. 16 Ma. It is proposed here that 
inception of growth along the Turnigan Thrust Fault commenced much earlier (ca. 
24-23 Ma), producing a bathymetric boundary, perhaps an anticlinal ridge, which 
had enough relief to pond fine-grained turbidite deposits of the early Miocene 
Whakataki Formation.  It is also feasible that a bathymetric irregularity resulted from 
diapirism on the continental slope, as Neef (1992; 1995) documented several major 
diapirs to have been active along the inner-trench slope since initiation of subduction 
ca. 25 Ma, and which are now uplifted and exposed along the coastline of the 
Wairarapa Region in corresponding localities to coastal outcrops of the Whakataki 
Formation (e.g. Owahanga Hill Diapir, located south of Akitio costal outcrop; Neef, 
1992).  
 
6.5 FACIES INTERPRETATIONS AND STRATIGRAPHIC 
RELATIONSHIPS BETWEEN MAJOR SEDIMENTARY UNITS  
The receiving sedimentary basin of the examined turbidite succession at 
Whakataki is interpreted to be a structurally bound trench-slope basin, situated on the 
inner-trench, continental slope. In this setting, deep-marine turbidite facies 
classifications, which are typically interpreted as elements of submarine-fan 
depositional systems, are not entirely applicable to confined sedimentary basin 
accumulations (Mutti and Ricci Lucchi, 1972; Nelson et al., 1976; Mutti, 1977; 
Normark, 1978; Walker, 1978; Pickering et al., 1989; Reading and Richards, 1994). 
The irregularity of sea-floor surface bathymetry at tectonically active margins 
significantly influences the transport pathway of gravity-driven sediment flows as 
they travel down-slope, as well as impeding spatial growth of a complete fan 
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morphology (Moore and Karig, 1976b; Underwood and Karig, 1980; Underwood 
and Norville, 1986b; Underwood and Moore, 1995a).  
 
Seismic studies of modern trench-slope sedimentary infill, and field-based 
lithofacies analysis of ancient trench-slope basin turbidite outcrop sequences, 
indicate confined basin sedimentation consists primarily of non-channelized, sheet-
like turbidites, rather than radial submarine-fan lobe morphologies (Moore and 
Karig, 1976b; Underwood and Karig, 1980; Underwood and Norville, 1986a; 
Underwood and Moore, 1995a; Shultz and Hubbard, 2005). This is recognized in the 
stratal architecture of the turbidite succession at the Whakataki field site, with sheet-
like turbidite beds exhibiting tabular geometry and extensive lateral continuity 
throughout the entire stratigraphic succession, in all major sedimentary units and 
facies associations FA-A, FA-B and FA-C. As there are no well recognized facies 
classifications specific to trench-slope depositional settings in the literature. The 
facies classification nomenclature of Mutti and Ricchi Lucchi (1972) are therefore 
referred to in the following discussion, however are interpreted only in the sense of 
submarine depositional processes, rather than in the sense of submarine-fan 
morphological components. 
 
With the true stratal architecture of the field outcrop delineated, the 
arrangement of major sedimentary units U-1, U-2 and U-3 can be understood in a 
spatial and temporal depositional context (Section 5.8; Figure 5.37). The 
stratigraphic stacking of major sedimentary units represent the growth of the 
depositional system within a confined trench-slope basin over time, while the 
geographical distribution of Stratigraphic stations SS-A to SS-H and corresponding 
sedimentary units represent the spatial extent of sedimentation of each unit across a 
depositional horizon, relative to distance from source. With A NNE palaeocurrent 
direction recorded throughout the vertical stratigraphic sequence and across the 
longitudinal outcrop field section, U-2 is established to represent the most proximal, 
U-3 medial, and U-1 being the most distal sedimentary unit. As described in Section 
5.8, the major stratigraphic units U-1, U-2 and U-3 are bound by distinct sedimentary 
discontinuities, identified by a sharp change in character between stratigraphically 
juxtaposing facies associations. The sedimentary discontinuities between 
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depositional units are interpreted to represent distinct shifts in depositional processes 
on a temporal scale.  
 
Figure 6.10 below displays a graph of the mean thicknesses of sandstone and 
Te division mudstone calculated from each sedimentary log SL-1 to SL-8, plot 
against the stratigraphic height measured from base 0 m (basal SL-1). This graphic 
plot represents the variation in turbidite event depositional character on the 
stratigraphic and therefore relative time scale, within the trench-slope basin fill 
sequence from basal U-1 to upper U-3. Figure 6.11 illustrates the same data for 
average sandstone and Te mudstone bed thicknesses plot against the lateral physical 
distances between Stratigraphic stations SS-A to SS-H measured relative to distance 
from 0 km (SS-A) along the NE trending field transect, demonstrating the 
relationships between bed thickness and proximal location to the feeder-system.  
 
 
Figure 6-10 Scatter plot showing relationship between average thickness of sandstone and Te  
mudstone, plot against the stratigraphic position with basal SL-1 considered as 0 m. The highly 
anomalous data points represent average thicknesses in U-2, FA-C and highlight the sharp change in 
character in the mid-sequence sedimentary package 
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Figure 6-11 Scatter plot showing the relationship between average sandstone and Te hemipelagic 
mudstone, plot against the Stratigraphic station physical distance from SS-A, being 0 km. The 
particularly high values for U-2; FA-C closely fit the trend of the data and reflect the correlation 
between distance from source and sandstone/mudstone proportions and thicknesses 
 
 
As seen in Figure 6.10 the sandstone data points are strongly anomalous for the 
middle sequences of SL-5 and SL-6 (U-2). As the stratigraphic height relative to base 
0 m is a direct reflection of the sedimentation of a sequence over time, the anomalous 
data points confirm an abrupt shift in the proportion of sandstone in the system on a 
temporal scale, as identified by the sedimentary discontinuity between U-1 and U-2, 
characterized by FA-A and FA-C. Figure 6.1 illustrates the anomalously high 
sandstone thicknesses of U-2 to fit the trend of the data more closely, exhibiting a 
negative relationship to lateral distance with a calculated R2 = 0.6302.  This shows 
that average sandstone thickness is a function of proximity to source, due to the 
characteristic nature of turbidity currents which preferentially deposit the coarser 
load from suspension in proximal locations (Kuenen and Migliorini, 1950; Bouma et 
al., 1962; Middleton, 1967; Lowe, 1982a; Mulder and Alexander, 2001; Sumner et 
al., 2008; Talling et al., 2012).  
 
The data for average thickness of hemipelagic mudstone Te intervals in both 
graphic plots demonstrates a high correlative relationship in opposite trends. Figure 
6.10 illustrates Te claystone versus stratigraphic height, showing a strong negative 
relationship to upsection stratigraphic position, with a calculated R2 = 0.8095. 
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Conversely, plotting hemipelagic bed thickness against lateral distance from 
southernmost SS-A demonstrates a relatively strong positive relationship with 
increasing thickness distally and an R2 = 0.7141 (Figure 6.11). The strong 
relationships between hemipelagic mudstone thickness on both the spatial and 
temporal scale are indicative of the frequency, density and velocity of turbidity 
current sedimentation events that were capable of reaching a particular depositional 
site on the spatial scale.  
 
6.5.1 Deposition of U-1 – Facies Association A 
Lowermost sedimentary unit U-1, corresponding to mud-dominated Facies 
Association FA-A, represents the earliest deposits of the measured outcrop sequence 
at Whakataki. On the spatial scale, U-1 is observed in the most distal localities from 
SS-E to SS-H in the northeast (Figure 5.37). The sheet-like, thinly bedded turbidite 
deposits of FA-A are characteristic of unchannelized deposition from low-density 
turbidity currents, consistent with Facies D of Mutti and Ricchi Lucchi (1972). 
Typically this facies association would be interpreted as unconfined, distal basin-
plain deposits of the lower submarine-fan (Normark, 1970; Mutti and Ricci Lucchi, 
1972; Mutti, 1977; Normark, 1978; Walker, 1978; Pickering et al., 1989; Reading 
and Richards, 1994). However, with the tectonic setting of the receiving sedimentary 
basin established as a confined trench-slope basin (Section 6.4), the resemblance to 
outer-fan, basin-plain-type turbidites is recognized to result from turbidity current 
deposition on a very low-gradient, slope-basin floor (Shultz and Hubbard, 2005).  
The highly fine-grained character of U-1 suggests that low-density turbidity 
currents would have been sufficient in carrying sediments in suspension beyond the 
structural boundaries of an upper- trench-slope basin. The low sandstone/mudstone 
ratio of ~1:3 in distal SS-E to SS-H and major ichnofaunal assemblage comprising 
predominantly of the background equilibrium Zoophycos ichnofacies, indicates 
relatively distal deposition of U-1, less frequently disturbed from equilibrium 
conditions by sandy turbidity currents. A slight upsection increase in the proportion 
of sandstone and mean grain size in U-1 corresponds to the increasing proximity of 
the Stratigraphic station locations from which basal sedimentary logs SL-1 to SL-4 
were measured (Figure 5.37).  
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The lateral and stratigraphic variations in character from SW-NE are consistent 
with aggradation of sheet-like turbidites flowing in a NNE direction, with a slight 
increase in turbidity current energy over time. The unidirectional palaeocurrent 
indicators favour distal deposition from a channel-feeder system directed from the 
southeast, rather than from a linear source input supplied along the length of the 
upslope mature trench-slope structural boundary.  
6.5.2 Deposition of U-2 – Facies Association C 
The coarsening upwards trend documented in U-1 continues upsection into 
overlying deposits of U-2, however the transition between these major sedimentary 
units is characterized by very abrupt depositional discontinuity between facies 
associations of FA-A and FA-C (Section 5.8). With U-2 measured at the most 
proximal Stratigraphic stations (SS-A and SS-B), this sharp facies between 
lowermost U-1 and U-2 is likely to be a strong reflection of the proximal locality of 
these sites, as well as of the stratigraphic upsection shift across the entire 
sedimentary basin.  Analysis of sandstone samples obtained from SS-E (S) of the 
northwest limb of the syncline, also demonstrate the same coarse-grained character 
as sediments of proximal Stratigraphic stations SS-A and SS-B, considered as part of 
FA-C, and indicate sedimentation of U-2 to have been generally widespread in the 
longitudinal basin direction.  
FA-C of U-2 is distinct in character, with thickly-bedded, sand dominated 
turbidite event beds, exhibiting a coarser-grained texture (ranging from 3.21  to 
3.56 ) and sandstone bed amalgamation. The sandstone/mudstone proportions 
demonstrate a substantial increase from underlying U-1 (~3:1), with a distinct 
internal coarsening- and thickening-upwards profile observed within U-2.  Abundant 
critical- to super-critical climbing ripple and convolute lamination in Tc Bouma 
interval sandstones of this sedimentary unit indicates high sediment concentrations  
in high-velocity gravity-driven flows, as well as high-sedimentation rates as particles 
settled from suspension (Walker, 1965; Lowe, 1982a; Middleton, 1993; Sumner et 
al., 2009; Talling et al., 2012).  
Characteristics of sedimentary unit U-2 are consistent with Facies 
classifications C, D and E of Mutti and Ricchi Lucchi (1972). Facies C/D (Mutti and 
Ricci Lucchi, 1972) is interpreted for the trench-slope basin fill sequence to represent 
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sheet-like deposition by classical low-density turbidity currents, punctuated by 
frequent influxes of high-density and high-velocity gravity-driven flows resulting in 
appearance of basal Ta intervals   and   ‘reworked’   sandstone beds (Kneller and 
Mccaffrey, 2003; Talling et al., 2012). In their original classification, Facies E of 
Mutti and Ricchi Lucchi (1972) are interpreted to represent channel-levee overbank 
deposition. Sedimentary features of U-2, particular Lithofacies 4, do resemble 
characteristic channel-levee deposits, including an abundance of convolute bedding, 
climbing ripples, with common rip-up clasts. This particular set of sedimentary 
characteristics found in turbidite successions has been termed CCC1-turbidites by 
Walker (1985), interpreted as diagnostic sedimentary features of channel margin, 
levee-overbank deposits (Walker, 1985, 1992; Kirschner, 2000). However in a 
confined sedimentary basin, it is unlikely that complete channel-levee system would 
be able to develop. Instead, these sedimentary features are interpreted to indicate a 
depositional site significantly close to the sediment feeder-channel   at   the   ‘base-of-
slope’  on   the  relatively   flat   trench-slope basin floor. The sharp change in character 
from distal basin-plain type deposits (FA-A), to proximal/medial- thickly bedded, 
high-density turbidite deposits (FA-C), reflects not only the proximal data collection 
sites of U-2, but also suggests an abrupt shift in active gravity-driven processes 
between sedimentation of these units. The sharp facies change between lowermost 
FA-A and FA-C is interpreted to result from a substantial increase in frequency, 
density and energy of active turbidity currents into the system, commencing between 
sedimentation of U-1 and U-2. This may have been accompanied by a decrease in 
receiving basin accommodation space associated with tectonic uplift of the entire 
subduction margin.  
6.5.3 Deposition of U-3 – Facies Association B 
Measured sections of uppermost stratigraphic unit U-3 were recorded from 
mid- coastal outcrop locations SS-C and SS-D. The variations in character of this 
sedimentary unit relative to underlying U-2 therefore reflect both time-dependant 
changes of the turbidite system, as well reflecting the slightly more distal 
depositional location from the feeder system. The spatial extent of U-3 cannot be 
definitively constrained within the field outcrop, however based on the extensive 
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lateral continuity and bedding characteristics of sheet-like turbidite, sedimentation of 
this unit, is inferred to have been widespread within the elongate trench-slope basin.  
U-3 is characterized by FA-B, comprising sheet-like   thinly   bedded,   ‘classic’  
turbidite beds with missing Ta bases, and high uniformity in cyclic bed stacking. 
Elements of FA-B are consistent with Facies C and Facies D of Mutti and Ricchi 
Lucchi (1972), interpreted for the examined sequence to represent unchannelized 
deposition into the low-gradient, confined trench-slope basin by low-density 
turbidity currents (Talling et al., 2012).  A gradational upsection transition is inferred 
to exist between U-2 and U-3, between successions of FA-C and uppermost FA-B. 
Although approximately 50 m of unexamined strata lies between sedimentary U-2 
and U-3, the upsection variations between successive facies associations 
demonstrates a gradual shift, unlike that between lowermost U-1 and U-2.  
A gradual fining- and thinning-upwards sequence is recorded between U-2 and 
U-3, in contrast to the rapid coarsening and thickening upwards profile documented 
in stratigraphic unit U-2. The overall sandstone proportion in U-2 of ~3:1 decreases 
upsection to ~ 1:1 in U-3, with a contemporaneous average sandstone grain-size 
decrease from 3.32  calculated in SL-6, to 3.70  in uppermost SL-8. Bed thickness 
of Te hemipelagic intervals also increases upsection in U-3, consistent with fining 
upwards profile and indicating a decrease in turbidity current activity.  
Typically, fining- and thinning-upwards motifs in turbidite successions are 
interpreted to represent channel-fill sequences of submarine-fan complexes, as 
successive turbidity current deposition builds relief of the depositional lobe until the 
active channel avulses (Normark, 1970; Mutti and Ricci Lucchi, 1972; Walker and 
Mutti, 1973; Mutti, 1977; Normark, 1978; Walker, 1978; Richards et al., 1998; 
Mutti, 1999). Although the examined sequence at Whakataki does not directly 
represent a channel-fill sequence, the fining and thinning-upwards turbidite deposits 
of the immature trench-slope basin may reflect a similar process, in which 
sedimentary input by the feeder-system has been diverted or dammed up-slope 
(Underwood and Karig, 1980; Prather et al., 1998; Prather, 2003; Covault and 
Romans, 2009). This could occur due to tectonic uplift along the Tinui or Whakataki 
Fault, which progressively hindered through-going gravity-driven currents from 
reaching the down-slope immature basin over time.  
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Another explanation for the gradual fining- and thinning- upwards profile in U-
3, and that which is the most likely, is simply a reduction in volume of terrigenous 
input being supplied to the active feeder-channel at the source (Walker, 1978; Talling 
et al., 2012). This explanation is favoured based on a documented regional 
sedimentary shift during mid-early Miocene (ca 19 – 17.5 Ma), which is interpreted 
to represent a rise in sea-level or basin subsidence along the inner-trench slope 
(Bailleul et al., 2007; 2013). The timing of this shift documented in the research 
Bailleul et al. (2007; 2013) aligns with the accepted upper age of the Whakataki 
Formation across the Coastal Ranges (Johnston, 1980; Leeder, 1999; Field, 2005).  
 
6.6 CONCEPTUAL DEPOSITIONAL MODEL FOR THE WHAKATAKI 
FORMATION 
In the preceding discussion, data collected from the field section at Whakataki 
have been examined and analysed with a deposit-based interpretative approach. This 
method and analytical approach were chosen in favour of well-log data and structural 
analysis to gain extremely high-resolution information that can only be obtained at 
the highest magnification of the constituent sediments. Sedimentary features such as 
paleoflow markers and ichnofossil traces documented in the Whakataki Formation 
are also highly informative markers of the specific processes which led to their 
deposition, and which can only be obtained through sedimentological analyses.  
Process sedimentology and stratigraphic/facies analysis are here referenced to well-
recognized classification schemes and facies models relevant to deep-marine 
sedimentary processes and depositional systems e.g. (Kuenen and Migliorini, 1950; 
Kuenen, 1951; Kuenen and Menard, 1952; Seilacher, 1953; Bagnold, 1962; Bouma 
et al., 1962; Sanders, 1963; Kuenen, 1964; Walker, 1965; Middleton, 1967; 
Seilacher, 1967; Normark, 1970; Normark, 1978; Walker, 1978; Underwood and 
Karig, 1980; Lowe, 1982b; Underwood and Bachman, 1982; Pickering et al., 1989; 
Bromley and Asgaard, 1991; Middleton, 1993; Reading and Richards, 1994; Kneller 
and Branney, 1995; Mulder and Alexander, 2001; Sumner et al., 2009; Talling et al., 
2012). These analyses are integrated with data and interpretations provided by 
previous researchers, pertinent to sedimentation of the early Miocene Whakataki 
formation across the eastern Wairarapa Coast (Hayward, 1986; Neef, 1991; 1992; 
Ballance, 1993; Neef, 1995; Edbrooke and Browne, 1996; Morgans et al., 1996; 
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Neef, 1997; 1999; Lee and Begg, 2002; Field, 2005; Bailleul et al., 2007; Bailleul et 
al., 2013). Literature regarding the relevant tectonic and structural history of the 
depositional area, as well as relative sea level changes and palaeographical 
arrangement are also referenced (Sporli, 1980; Pettinga, 1982; Field et al., 1989; 
Chanier and Ferriere, 1991; Rait et al., 1991; Ballance, 1993; Neef, 1997; Walcott, 
1998; Neef, 1999; Sutherland, 1999; King, 2000; Mortimer, 2004; Wood and 
Stagpoole, 2007). Culmination of this information has allowed for a conceptual 
depositional model to be constructed for the early Miocene Whakataki Formation 
sequence.   
 
 Based on the sandstone/mudstone proportions ranging between ~ 25-75%, the 
effective turbidite system is considered as a fine-grained, mud/sand-rich system 
according to the classifications of Readings and Richards (1994). Considering the 
previously passive margin settings, with which most of the North Island continental 
landmass was submerged along the eastern border, it is inferred the continental slope 
gradient was relatively low and longitudinally extensive. Under these settings, it is 
likely the detrital source input is likely to have been supplied by a multiple- or linear-
source feeder system (Reading and Richards, 1994; Richards and Bowman, 1998). 
Thus, it is interpreted that at the initiation of subduction-related deformation of the 
continental slope, the newly-active tectonic margin turbidite system comprised a 
mud/sand-rich, multiple-source slope apron (Reading and Richards, 1994; Richards 
and Bowman, 1998). 
A multiple-source slope apron is supported by the generally SE directed 
palaeocurrent data recorded for the Whakataki Formation at inland exposures (e.g. 
(Johnston, 1980; Neef, 1992; 1995; 1997; 1999; Bailleul et al., 2007; Bailleul et al., 
2013). The highly carbonaceous content observed throughout the sequence is also 
suggestive of a terrigenous input derived from deltaic coastal plains, typical in slope-
apron settings (Reading and Richards, 1994). As tectonic deformation initiated along 
the inner-trench slope at the onset of subduction, slight increases in relief across 
NNE trending thrust fault planes increased the tempo of sedimentation, as well as 
creating bathymetric irregularities in the sea-floor effecting sedimentary basin 
configurations. Therefore the particular characteristics of the evolving Hikurangi 
margin during the earliest Neogene are recognized as having a major influence on the 
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Whakataki Formation turbidite system, controlling the volume and frequency of 
detrital input, gravity-driven sediment pathways, as well as the receiving 
sedimentary-basin architecture.  
 
 
Figure 6-12 Block diagram of a conceptual depositional model for the Whakataki Formation, 
deposited within a confined immature trench-slope basin. Major thrust faults of the Tinui, Whakataki 
and Turnigan Faults are inferred to have formed the structural boundaries between the upper slope 
Akitio basin, and lower-slope immature trench-slope basin in which the examined sequence was 
emplaced 
 
Figure 6.12 above illustrates the conceptual depositional model for the lower 
Whakataki Formation. This model represents the depositional environment of the 
inner-trench slope during sedimentation of the Whakataki coastal turbidite outcrop 
sequence. Descriptions of the basal Whakataki Formation documented at inland 
exposures, west of the Tinui and Whakataki thrust faults, indicate a dominant SE-
directed paleo-flow direction, consistent with the inferred palaeoslope trend to the SE 
(Johnston, 1980; Neef, 1992; 1995; 1997; 1999; Bailleul et al., 2007; Bailleul et al., 
2013). This palaeocurrent direction suggests unconfined and unchannelized 
deposition of turbidity currents on the upper-slope into the mature Akitio trench-
slope basin. As suggested by the NNE palaeocurrent directions in the study area, a 
point-source channel-canyon feeder system located to the southeast is inferred to 
have connected the upper-slope mature and immature slope basins, wherein confined 
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fine-grained turbidity currents reached the lower-slope bathymetric boundary of the 
Turnigan Fault and  were deflected axially along strike of the confined basin (Figure 
6.12). 
6.6.1 Stratigraphic Evolution of the Immature Trench-slope Basin-Fill 
Sequence 
The coastal outcrop of the Whakataki turbidites has been aged as upper 
Waitakian to early Otaian, proposed to have commenced accumulation ~23.5 Ma, 
based on biostratigraphic dating of foraminifera (Vella, 1963; Morgans et al., 1996; 
Field, 2005). The basal sequences of inland exposures have been dated by the same 
methods at ~25 Ma (Vella, 1963; Neef, 1992; 1995; Morgans et al., 1996). The 
discrepancy in basal age of the Whakataki Formation between study locations 
inboard and outboard of the major thrust fault system (Tinui and Whakataki Faults) 
indicates that sedimentation within the lower immature slope basin may not have not 
commenced until after sedimentation was partially restricted in the upper mature 
trench-slope basin. Initial sedimentation of the turbidite sequence behind structural 
bounds on the upper-slope indicates thrusting along the Tinui and Whakataki Faults 
became active prior to the structural development of the of the immature trench-slope 
basin. This is supported by the observation of olistostrome deposits at the base of the 
Whakataki Formation east of the Whakataki Fault, indicating submarine mass-
movements derived from the leading edge of active upper-slope thrust faults were 
deposited during initial stages of development of the immature trench-slope basin 
(Chanier and Ferriere, 1991; Neef, 1992; 1995; 1997; Bailleul et al., 2007; Bailleul et 
al., 2013).  
The precise timing of sedimentation of each major unit within the studied 
stratigraphic sequence has not been determined. However, with the documented 
basal age of ~23.5 Ma for the coastal outcrop (Vella, 1963; Morgans et al., 1996; 
Field, 2005), the evolutionary stages of the turbidite sedimentary basin are suggested 
here based on distinct changes in facies character within the studied sequence, which 
correlate to documented shifts in the local sedimentation and structural character 
occurring during the early Miocene. Figure 6.13 illustrates the progression in 
sedimentation of each major unit, U-1, U-2 and U-3, which accumulated in a 
confined immature trench-slope basin beginning approximately 23.5 Ma. In this 
diagram, changes in structural deformation, relative sea level, basin architecture, and 
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upper-slope sedimentation patterns, are depicted to emphasize the complex interplay 
of variables involved in sedimentation of the examined turbidite stratigraphic 
sequence. Sedimentary sequences illustrated in the upper basin of this diagram 
(Figure 6.13) represent the characteristic sedimentation style active in the mature 
Akitio trench-slope basin at certain time intervals, according to interpretations of 
Bailleul et al. (2013). The units in the lower immature trench-slope basin 
demonstrate the major sedimentary unit and facies association deposited concurrently 
with the upper-slope sedimentation styles. 
 
 Commencing ~23.5 Ma, very-fined grained sediments began accumulating 
within the lower-slope immature trench slope basin as dilute low-density turbidity 
currents funnelled sediments from the distal reaches of the upper mature trench-slope 
basin via a small-scale canyon-channel situated to the south (Figure 6.13a). Dilute 
low-density suspension currents fed into the structurally confined setting, deflecting 
and deposited flows along strike of the relatively flat basin-floor, towards the NNE. 
Sedimentation rates were low over the entire Wairarapa east coast at the beginning of 
this period (Bailleul et al., 2007; 2013), progressively increasing with subduction 
deformation of the continental slope, as recorded by the slight coarsening-upwards 
profile of stratigraphic package U-1, coinciding with increasing structural 
deformation across the inner-trench (Neef, 1995; 1999; Bailleul et al., 2007; Bailleul 
et al., 2013). The recycled orogenic-volcanic arc composition, low 
textural/compositional maturity, and high carbonaceous content of clastic sediments 
within U-1 (Section 8.1), indicate that detrital input was derived from subaerial 
exposure of continental basement rocks of the early Cretaceous Torlesse Terrane, 
and not directly from submarine input of underlying Palaeogene calcareous pelagic 
units.  
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Figure 6-13 Theoretical stages of development of immature trench-slope basin fill sequence, U-1, U-2 
and U-3 beginning ca. 25 Ma. Development of basin is based off correlations between major 
sedimentary discontinuities observed in the stratigraphic sequence at Whakataki with known local 
shifts in tectonics and sedimentation patterns as described in the literature. The sedimentation patterns 
depicted in the upper slope basin are inferred from descriptions by Bailleul et al. (2013) 
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Figure 6.13b illustrates the depositional setting of the sedimentary basin during 
the second stage of basin development of U-2. Based on the thickness and lithology 
of turbidite beds in U-2, it is interpreted that this part of the stratigraphic succession 
was emplaced in a relatively short-time period (~0.5-1 Ma), compared to U-1 and U-
3. As seen in Figure 6.13b, effects of the major contractional period active between 
~25-18 Ma (Bailleul et al., 2013), began to shape the inner-trench slope along the 
east coast the North Island, with significant movement along major thrust faults. 
Increased deformation along seaward-propagating thrust faults of the Whakataki and 
Tinui Faults increased the slope gradient between upper-mature and lower-immature 
trench-slope basins, as well as uplifting the onland incipient volcanic arc-front 
(Chanier and Ferriere, 1991; Rait et al., 1991; Korsch et al., 1993). This 
contractional and slope-steepening episode is recorded in facies characteristics of U-
2, FA-C (Figure 6.13b).  
 
With increased relief of the terrigenous source area, continued exposure of 
basement rocks to weathering and transport processes subsequently increased the 
sediment-concentration of discrete turbidity current events. This was 
contemporaneous with steepening of the inner-trench slope-gradient. The 
combination of these shifts in the depositional system resulted in the sharp 
discontinuity observed between U-1 and U-2, and the marked character of FA-C 
throughout U-2. The tectonic activity increased frequency of high-concentration, 
high-velocity turbidity currents, which resulted in the thickening- and coarsening-
upwards profile documented in stratigraphy of U-2. Reworked amalgamated sand 
beds, frequent convolute bedding, climbing ripples, and rip-up clasts are interpreted 
to indicate a depositional site near to the mouth of the canyon-channel feeder system 
at the trench-slope basin-floor (Section 6.5.2).  
 
Following the dominantly contractional deformation period, a general decrease 
in tectonic activity is proposed to have occurred across the Hikurangi Margin 
between ~19-17.5 Ma (Neef, 1995; 1999; Bailleul et al., 2007; Bailleul et al., 2013). 
The progradation of a bioclastic marine ramp over distal turbidite deposits of the 
Whakataki Formation are interpreted to result from tectonic subsidence and 
increased accommodation space during this time (Neef, 1995; Bailleul et al., 2007; 
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Bailleul et al., 2013). The effects of this decrease in tectonism and increased 
accommodation space are recorded in the stratigraphic unit U-3, with a dominant 
fining- and thinning-upwards profile in the upper stratigraphic units (Figure 6.13c).  
Subduction deformation across the Hikurangi convergent margin has continued 
through the Quaternary, resulting in post-depositional deformation and eventual 
tectonic uplift of the trench-slope break and early Miocene trench-slope basin fill 
sequences. This includes sediments of the Whakataki Formation examined at the 
coastal outcrop in Whakataki, which were deposited in an immature-trench slope 
basin during initiation of deformation of the Hikurangi margin.  
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Chapter 7: Conclusions 
This study set out to establish a depositional model for the early Miocene 
Whakataki Formation, a turbidite sequence deposited on an actively deforming inner-
trench slope of the Hikurangi Margin subduction zone. The classification of deep-
water clastic depositional systems, particularly in tectonically active settings, remains 
a poorly defined subject in the geological literature. Applying an idealized facies 
model to interpretation of the Miocene turbidite sequence is inadequate in this 
particular environment, as interpretations of deep-water clastic system facies models 
typically refer to basin-plain, submarine-fan morphologies, without consideration of 
locally influencing controls. Application of process sedimentology, stratigraphy and 
facies analysis to interpretation of the outcropping sequence at Whakataki has 
allowed for a contextual interpretation of the depositional environment, considering 
the important influence of the transitional tectonic setting under which the succession 
was emplaced.  
 
Within the turbidite beds of the Whakataki Formation, component mineral 
abundances of major framework grains indicate a recycled orogenic detrital source 
with a calculated modal abundance of Q58F22L20 (Section 5.3.1). Bulk powder XRD 
analysis returned average mineral phase proportions of 41.1 wt% Quartz, 18.8 wt% 
Plagioclase, and 6.7 wt% Potassium Feldspar (Section 5.5). The particularly high 
proportion of labile plagioclase minerals is taken to indicate second cycle 
sedimentation from previously accreted subduction greywackes of the Torlesse 
Terrane, which comprise feldspathic greywackes with commonly albitized feldspars. 
Second cycle sedimentation from the Torlesse Terrane into the examined turbidites is 
also inferred from the very fine-grained, sub-angular grain morphologies of particles. 
This texture is quite atypical of sand-sized grains, reflecting different levels of 
textural maturity. A short transport history from locally and rapidly uplifted 
basement rocks is implied by the angular grain boundaries, while origins from a 
preceding detrital sedimentary rock accounts for the fine-grained character of particle 
sizes. 
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A high proportion of carbonaceous material in sediments indicates a vegetated 
terrigenous source area; suggesting clastic material was supplied from subaerial 
continental exposure of the early Cretaceous basement located to the west. However, 
a notable amount of glauconitic lithic grains observed in petrographic thin section 
indicates some proportion of sediment input to have been supplied directly from 
underlying Palaeogene passive margin shelf sequences. A mixture of early 
Cretaceous basement rocks and late Cretaceous-Palaeogene passive margin slope 
sediments indicates thrusting along major faults located to the west of the studied 
sequence to have been active during sedimentation, providing sedimentary input 
from older, tectonically uplifted sources. Based on this data, it is interpreted that 
tectonic activity along thrust faults of the Hikurangi subduction margin was a major 
control on sediment provenance, rate of supply, and sediment concentration within 
turbidity currents.  
 
Diagenetic products of calcite cement and pyrite are believed to be interrelated 
and result from early diagenesis by sulphate reduction of organic material. This is 
generally a shallow water process and suggests calcite and pyrite to have precipitated 
at relatively upper-bathymetric settings. This is substantiated by the equant blocky 
character of calcite cement in sandstone sediments, observed surrounding larger 
framework grains in a floating texture. This indicates early diagenetic calcite 
mineralization, which acted as a supportive intergranular framework structure, 
consequently reducing compaction of sediments upon deeper burial.  
An upper-bathyal setting is also inferred from the dominant ichnofaunal 
assemblages recorded at the Whakataki coastal outcrop. The background equilibrium 
community which represents normal stable conditions of the depositional 
environment comprises Zoophycos, typical of continental slope depositional settings 
and environmental conditions. The lack of abyssal plain Nereites ichnofacies, which 
are typically recognized as the diagnostic deep-marine ichnofacies in turbidite 
sequences, confirms that the studied turbidite succession accumulated above abyssal 
depths and not on the basin-plain as idealized submarine-fan models imply. The 
upper-bathyal sedimentary and ichnofaunal characteristics of the sequence indicate 
sediments were constrained to the continental slope during accumulation. 
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A strongly uniform palaeocurrent direction towards the NNE (010° - 020°) 
indicates confinement of sediment-suspension currents in a NW-SE direction, 
consistent with the direction of all major deformational features of the Neogene 
Hikurangi subduction zone. Turbidity currents are interpreted to have deflected off 
an eastern structural boundary and fed axially into an elongate basin, oriented sub-
parallel to the Hikurangi convergent margin. The stratigraphic characteristics of the 
examined turbidite sequence also stray from typical submarine-fan morphologies, 
suggesting confinement within a structurally bound sedimentary basin. All facies 
associations including the coarse-grained, thick-bedded classifications comprised 
tabular, sheet-like deposits, laterally extensive along strike. Such bedding 
characteristics are interpreted in idealized submarine-fan models to represent distal 
basin-plain to outer-fan deposits (Mutti and Ricchi Lucchi, 1972). However, with an 
upper-bathyal setting of sedimentation and high-density gravity flow characteristics 
in the mid-stratigraphic sequence, the basin-plain type stratigraphic architecture 
apparent through the complete sequence, is believed to be the result of deposition 
onto a very low-gradient floor of a structurally bound slope basin.  
 
Based on the data compiled in this research project, the early Miocene 
Whakataki   Formation   of   New   Zealand’s   North   Island   is   interpreted   to   have  
accumulated within a confined immature-trench-slope basin, commencing 
approximately 23.5 Ma and ending at approximately 17.5 Ma. Process based analysis 
suggests sedimentation of this turbiditic stratigraphic sequence was constrained to 
the continental slope and separated from earlier up-slope sedimentation of the same 
unit by structural bathymetric boundaries, specifically of the Tinui and Whakataki 
thrust faults. Low-density turbidity currents were supplied from an upper slope 
mature trench-slope basin, and funnelled through a small-scale canyon-channel 
system situated to the south of the study site. Major changes in sedimentation style 
between successive sedimentary units are interpreted to have been strongly 
controlled by tectonic activity of the structurally deforming subduction wedge.  
 
 206 Chapter 7: Conclusions 
Future work 
This research project presented a focussed case study on a ~4.5 km 
longitudinal outcrop of turbidites on the Whakataki Coast. Such a limited research 
area sets limitations on palaeogeographical interpretations for the Whakataki 
Formation, as large-scale spatial relationships between juxtaposing sedimentary units 
cannot be analysed. It has been inferred from the data collected in this project that 
the submarine sediment supply feeder-channel was located towards the south. In fact, 
a channel sequence has been identified close to Castlepoint, south of the present field 
location. However, due to structural deformation and inferred large-scale fault 
displacement between the two units, a stratigraphic relationship could not be 
positively identified between the channel-sequence and the examined turbidite beds. 
Therefore, future study of the structural deformation and stratigraphic relationships 
between outcrops to south, and also to the north of the present field site, would be 
beneficial in constraining the palaeogeographical configuration of the Whakataki 
Formation depositional environment during the early Miocene. 
 
Age dating of the Whaktaki Formation has previously been defined by 
biostratigraphic age dating of foraminferal tests; however there is a lack of data in 
previous literature due to paucity of benthic foraminfera in collected samples. Three 
sandstone samples of this study demonstrated an abundance of foraminfera fossils, 
and may provide new information in constraining an exact age of the early Miocene 
turbididites at Whakataki. It would be interesting to date the lowermost sequence and 
uppermost sequence of the coastal outcrop, and attempt to correlate to the lowermost 
and uppermost sequences of the Akitio basin, to differentiate sedimentation phases 
between the mature and immature trench-slope basins.   
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Structural data from 40 structural stations 





























Trend correction for up 
dip 
C1 437403 5480600 143 83 230 40 u sole marks 2 83 204 8 F1 230 40 24.3 
C1 437403 5480600 141 88 229 35 u sole marks 4 88 210 5 F2 229 35 30 
C1 437403 5480600 141 88 240 30 u sole marks 4 88 215 14 F3 240 30 35.6 
C2 437391 5480515 143 81 232 31 u sole marks 2 81 213 10 F4 232 31 33.3 
C2 437391 5480515 141 82 231 25 u sole marks 4 82 220 6 F5 231 25 40.1 
C2 437391 5480515 141 89 242 16 u sole marks 4 89 229 17 F6 242 16 49.2 
C3 437358 5480438 140 81 234 28 u sole marks 5 81 217 11 F7 234 28 37.3 
C3 437358 5480438 142 83 231 16 u sole marks 3 83 229 7 F8 231 16 49 
C3 437358 5480438 141 87 241 15 u sole marks 4 87 230 16 F9 241 15 50.2 
C4 437302 5480371 148 85 235 20 d sole marks 3 85 225 11 F10 235 20 225.2 
C4 437302 5480371 162 85 246 10 d sole marks 17 85 236 21 F11 246 10 236 
C4 437302 5480371 323 85 237 60 d sole marks 178 -85 185 4 F12 237 60 185.1 
C5 437252 5480290 142 87 45 10 d sole marks 3 87 74 1 F13 45 10 254.3 
C5 437252 5480290 136 89     9 89             
C5 437252 5480290 146 90     1 90             
C6 437224 5480209 150 77 62 3 d sole marks 5 77 70 -14 F14 62 3 69.6 
C6 437224 5480209 154 73 68 4 u sole marks 9 73 73 -18 F15 68 4 252.3 
C6 437224 5480209 150 80    sole marks 5 80             
C7 437202 5480134 155 90 65 0  Ripples 10 90 66 -20 F16 65 0 245.5 
C7 437202 5480134 147 87 57 0  Ripples 2 87 65 -11 F17 57 0 244.8 
C7 437202 5480134 330 89     185 -89             
C8 437187 5480051 331 89 60 1 u sole marks 186 -89 66 -15 F18 60 1 245.7 
C8 437187 5480051 154 89     9 89             
C8 437187 5480051 150 88     5 88             
C9 437179 5479966 152 82 242 10 d tool marks 7 82 236 17 F19 242 10 236 
C9 437179 5479966 154 85 244 14 d tool marks 9 85 232 19 F20 244 14 232.1 
C9 437179 5479966 151 79     6 79             
C10 437169 5479879 147 76 231 52 u sole marks 2 76 192 14 F21 231 52 13.2 
C10 437169 5479879 152 79 237 50 u sole marks 7 79 194 16 F22 237 50 15.4 
C10 437169 5479879 153 71 233 37 u sole marks 8 71 208 16 F23 233 37 28.9 
C11 437140 5479789 144 69 236 26 u sole marks 1 69 220 16 F24 236 26 40.5 
C11 437140 5479789 147 78 228 70 u sole marks 2 78 174 13 F25 228 70 355.6 
C11 437140 5479789 151 75 229 49 u sole marks 6 75 195 13 F26 229 49 16 
C12 437113 5479699 148 80 220 65 u sole marks 3 80 178 8 F27 220 65 358.8 
C12 437113 5479699 147 80     2 80             
C12 437113 5479699 156 72     11 72             
C13 437082 5479604 162 60 223 41 u sole marks 17 59 202 16 F28 223 41 23.1 
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C13 437082 5479604 162 62 218 52 u sole marks 17 61 190 17 F29 218 52 11.7 
C13 437082 5479604 161 66 231 49 u sole marks 16 65 196 21 F30 231 49 17.9 
C14 437029 5479546 161 70 227 40 u sole marks 16 69 204 13 F31 227 40 24.8 
C14 437029 5479546 154 60 210 40 u sole marks 9 60 197 7 F32 210 40 17.3 
C14 437029 5479546 157 66 206 45 u sole marks 12 66 192 3 F33 206 45 11.9 
C15 437034 5479536 172 17 207 10 u sole marks 27 15 208 3 F34 207 10 27.9 
C15 437034 5479536 183 12         38 10             
C15 437034 5479536 188 20         43 15             
C16 436910 5479330 176 17         31 15             
C16 436910 5479330 164 12         19 11             
C16 436910 5479330 172 12         27 11             
C17 436756 5479144 186 12         41 9             
C17 436756 5479144 187 12         42 9             
C18 436725 5478969 177 5 210 5 d sole marks 32 4 210 3 F35 210 5 209.9 
C18 436725 5478969 186 5         41 4             
C18 436725 5478969 169 3         24 3             
C19 436689 5478836 183 14         38 11             
C19 436689 5478836 166 10         21 9             
C19 436689 5478836 157 10         12 10             
C20 436608 5478663 183 6 250   u sole marks 38 5 251 1 F36 250   71.2 
C20 436608 5478663 168 7         23 6             
C20 436608 5478663 187 5         42 4             
HINGE 436462 5478301 0 0         0 0             
C21 436305 5477658 293 16     32 14             
C21 436305 5477658 286 28     39 22             
C21 436305 5477658 293 14     32 12             
C22 436331 5477574 300 40 202 5 d sole marks 25 37 204 25 F37 202 5 205.9 
C22 436331 5477574 248 40     77 11             
C22 436331 5477574 295 39     30 35             
C23 436333 5477479 296 42 326 35 u sole marks 29 38 320 -2 F38 326 35 140.4 
C23 436333 5477479 295 40     30 36             
C23 436333 5477479 295 44     30 40             
C24 436315 5477392 290 41     35 35             
C24 436315 5477392 292 24     33 20             
C24 436315 5477392 296 46     29 42             
C25 436190 5477141 357 19     32 16             
C25 436190 5477141 339 12     14 12             
C25 436190 5477141 335 10     10 10             
C26 436179 5477080 350 20     25 18             
C26 436179 5477080 335 25     10 25             
C26 436179 5477080 334 25     9 25             
C27 436165 5476995 316 30     9 30             
C27 436165 5476995 306 40     19 38             
C27 436165 5476995 309 45 29 13 u sole marks 16 44 20 -10 F39 29 13 200.6 
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C28 436133 5476931 329 31 316 44 d sole marks 4 31 313 14 F40 316 44 310.8 
C28 436133 5476931 318 50 231 1 u  7 50 226 7 F41 231 1 46.1 
C28 436133 5476931 310 24     15 23             
C29 436134 5476910 315 59         10 59             
C29 436134 5476910 299 59         26 56             
C29 436134 5476910 298 42         27 39             
C30 436030 5476626 288 55         37 49             
C30 436030 5476626 294 50         31 46             
C30 436030 5476626 289 50         36 44             
                  
Blue = reconstructed paleoflow indicators 
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Appendix B 
Aerial Photographs of coastal outcrop  
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Appendix C 
 
Field and laboratory analysis sample catalogue
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DATA POINT TYPE   UTM (X) UTM (Y) LATITUDE LONGITUDE BOUMA 
INTERVAL  




SS-A; SL-4 Stratigraphic Station 60G 435685 5476220 -40.8626 176.2369     
SS-B; SL-5 Stratigraphic Station 60G 436029 5476589 -40.8593 176.2410     
SS-C; SL-7 Stratigraphic Station 60G 436174 5477100 -40.8547 176.2427     
SS-D; SL-8 Stratigraphic Station 60G 436306 5477652 -40.8497 176.2444     
SS-E (S) Sample Collection 60G 437101 5479667 -40.8316 176.2540     
SS-E; SL-6 Stratigraphic Station 60G 436921 5479344 -40.8345 176.2518     
SS-F; SL-3 Stratigraphic Station 60G 437174 5479889 -40.8296 176.2549     
SS-G; SL-2 Stratigraphic Station 60G 437172 5480002 -40.8286 176.2549     
SS-H; SL-1 Stratigraphic Station 60G 437401 5480604 -40.8232 176.2577     
NZ2012-01 Sample Collection 60G 435694 5476229 -40.8625 176.2370 Ta TS1.2 x x 
NZ2012-02 Sample Collection 60G 435694 5476229 -40.8625 176.2370 Tb TS1.4   
NZ2012-03 Sample Collection 60G 435694 5476229 -40.8625 176.2370 Tb TS1.5   
NZ2012-04 Sample Collection 60G 435694 5476229 -40.8625 176.2370 Tc TS1.1   
NZ2012-05 Sample Collection 60G 435694 5476229 -40.8625 176.2370 Td TS1.3   
NZ2013-01  Sample Collection 60G 435994 5476470 -40.8603 176.2405 Tb TS2.12   
NZ2013-02  Sample Collection 60G 435998 5476458 -40.8604 176.2406 Tc TS2.9   
NZ2013-03  Sample Collection 60G 436004 5476459 -40.8604 176.2407 Td    
NZ2013-04  Sample Collection 60G 436034 5476460 -40.8604 176.2410 Ta, Tb TS2.10   
NZ2013-05  Sample Collection 60G 436173 5477039 -40.8552 176.2427 Td    
NZ2013-06 Sample Collection 60G 436177 5477047 -40.8551 176.2428 Tb, Tc TS2.31, 2.32   
NZ2013-07  Sample Collection 60G 436178 5477054 -40.8551 176.2428 Td    
NZ2013-08  Sample Collection 60G 436350 5477542 -40.8507 176.2449 Tde    
NZ2013-08.2 Sample Collection 60G 436916 5479340 -40.8345 176.2518 Tc TS3.82 x x 
NZ2013-09  Sample Collection 60G 436352 5477542 -40.8507 176.2449 Tc    
NZ2013-10 Sample Collection 60G 436342 5477563 -40.8505 176.2448 Tb    
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NZ2013-11  Sample Collection 60G 436919 5479308 -40.8348 176.2518 Tc TS2.4   
NZ2013-12  Sample Collection 60G 436923 5479320 -40.8347 176.2519 Td, Te  x x 
NZ2013-13  Sample Collection 60G 437151 5479868 -40.8298 176.2546 Td, Te    
NZ2013-14  Sample Collection 60G 437151 5479867 -40.8298 176.2546 Tb, Tc TS2.6   
NZ2013-15 Sample Collection 60G 437174 5479887 -40.8296 176.2549 Tc TS2.8 x x 
NZ2013-16  Sample Collection 60G 437401 5480604 -40.8232 176.2577 Td    
NZ2013-17 Sample Collection 60G 437400 5480602 -40.8232 176.2576 Tc TS2.11   
NZ2014-01 Sample Collection 60G 437176 5480000 -40.8286 176.2549 Tb TS3.1   
NZ2014-02  Sample Collection 60G 437175 5479998 -40.8286 176.2549 Tc TS3.2   
NZ2014-03  Sample Collection 60G 436340 5477560 -40.8505 176.2448 Tb TS3.3   
NZ2014-04  Sample Collection 60G 436349 5477536 -40.8508 176.2449 Tc TS3.4   
NZ2014-05  Sample Collection 60G 437101 5479667 -40.8316 176.2540 Ta TS3.5   
NZ2014-06 Sample Collection 60G 437101 5479668 -40.8316 176.2540 Tb TS3.6   
NZ2014-07 Sample Collection 60G 437100 5479666 -40.8316 176.2540 Tc TS3.7 x x 
NZ2014-08  Sample Collection 60G 436918 5479339 -40.8346 176.2518 Tb TS3.81   
NZ2014-09  Sample Collection 60G 436919 5479339 -40.8346 176.2518 Td TS3.9   
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Tc Erosional scoured base 
Td 




Tc Td Te 
Tc Convolute bedding at base of bed Td 
Te 
Tb 
Tc Convolute bedding at base of bed d Tc Td 
Tb 
Tc Minor convolute bedding Td 
Tc Load casts, Flute casts Td 
Te Tb 
Tc Td 





Tc Convolute bedding Td 
Tc Convolute bedding Td 
Tc d Tc 
Td Tc Td 
Tc Minor convolute bedding at base of bed Td 
Tc Td 
Tc 
Tc Flute casts, load casts Td 




















Tc 2 Cruziana 
Td Te 
Tb Thinly laminated, Organic fragments 
Tc 
Td Te 
Tc d Tc Td 
Tb Flute casts on base of bed 
Tb Rare shell fragments, small rip up clasts at base up to 2mm 















Tb Thinly bedded 
Tc 31
Td Te 
Tb Thinly bedded 
Tc 3 Highly abandunt Cruziana at top of bed Td 
Tb Thinly bedded Tc 
Td Tc 
Td 
Tb Carbonaceous material, very thinly bedded 
Tc Convolute bedding at base of bed Td e 
Tb 
Tc 2 Abundant Cruziana Td 
Tc Td 
Tb Convolute bedding at base of bed 





Tc Disturbed bedding 
Ta Rip up clasts, upto 5cm 
Tb Thinly bedded Tc 
Tb Thinly bedded 
Ta Convolute bedding/Flame structures at base of bed 
Tb Tc 
Td 2 2 thin interbeds of fine sand 
Tc 2 Cruziana Td 
Te 
Tb Planar beds are 2cm thick 
Tc 30




















Tc 30 Td 
2 Te 







Tb Rip up clasts at base <1cm 
Tb Thinly bedded 
Tb 





















Td Tc Td 
Tb Carbonaceous wisps, rip up clasts at base 
Tb 30









































































































Tc 1 Minor convolute bedding, Patchy Chondrites 
Tb Tc 
Td 

























Tc Minor carbonaceous material 
Tb 
Tc Minor cabronaceous material in ripple structures 
Tb 
Tc Minor convolute bedding 
Td 






Tc? Massive sand, possibly Tc? 
Tc Disturbed laminations 
? Massive sand, unknown Bouma interval 
Tb 











Tc Very crude ripples 
Tc Crude ripples Tc Crude ripples 
Tb Tc? Crude ripples 
? Massive sand, possible Tc? 






Tc Very low % of carbonaceous Td 
Tc Minor carbonaceous material 
Td 
Te 




Tc 335 Td 
Te 
Tb 1 Patchy Chondrites, near verticle burrows 









Td Sandy mud 
Tb Large scale cross-beds 









? Undefined, structureless sand 



































Tc Slightly massive sand Td 




Td 1 Minor burrows and chondrites Tc 
Td Tc 
340 Td 
Tc Minor carbonaceous material Td 
Tc 


















Tc Carbonaceous material, convolute bedding 
Td 
Tb 
Tc Convolute bedding Td 
Tc Te 
























Tc Te Tc e 
Tc Te 
Tc e Tc 
Te 
Tb 












Tc Carbonaceous material Td 
Te 
Tb 
Tc Convolute bedding, minor carbonaceous material Td 
Tb 
Tc Tc Td 
Tc Td 
Tc Td 
Tc Carbonaceous material Td 
Tb 






Tc Carbonaceous material 
Td Te Tc 
Te 





























































Tc Carbonaceous material 
Td 










? Massive sand - appears that ripples have been poorly 
preserved 




















Tc 1 Carbonaceous material, patchy chondrites 







Tc Carbonaceous material 





Tc Carbonaceous wisps in ripples Td 
Tc 





















































































































Tb Tc Convolute bedding 
Td Te 






Tc Convolute bedding 




Tc 1 Patchy Chondrites Td 
Tc Td 
Tb 


















Td 1 Minor Cruziana 
Tc 
Td 
Tc Td Te 
Tc Td Tc d 
Tc 
Td Minor Cruziana 
Tc Td 
1 
Patchy Chondrites Te Tc 













Patchy Chondrites Te 
Tc Td 
1 
Patchy Chondrites Te 
Tb 
Tc 







Td 1 Minor Cruziana and Patchy Chondrites 
Te 
Tc 
Td 1 Minor Cruziana Te 
Tb Tc 
Tc 
Td 3 Abundant Cruziana, minor Patchy Chondrites Te 
Td Te 
Tb 
Tc Convolute bedding Td 
3 
Abundant Cruziana, Patchy Chondrites 
Te 
Tb Tc Crudely rippled 
Td Te 
Tc Crudely rippled 
Td Te Td 
Te Td e 
Tb Tc Convolute bedding 
Td 
3 
Patchy Chondrites, Cruziana Te 
Tc Crudely rippled 
Td Te 
? Massive sand Td Te 
Tb 
Tc Crudely rippled 
Td 
2 
Patchy Chondrites, Cruziana Te 
Tb 
Tc Convolute bedding, carbonaceous material Td 
Te Tc Minor convolute bedding 
Td Te 
Tc 
Td 3 Horizontal burrows, Patchy Chondrites, Cruziana Te 
Tc Carbonaceous wisps, crudely rippled Td Te 
Tb 
Tc Carbonaceous wisps, disturbed ripples Td e 
Td Te Tc Crudely rippled 
Td e Tb 
Tc Disturbed bedding of ripples Td 
2 





Cruziana Te Tb 





Cruziana e Tb 
Tc Soft-sediment deformation Td Patchy chondrites 
Te Tc 

















Tc Td Te 
Td Te Tc 
Td Te Tb 
Tc Carbonaceous material, convolute bedding Td Te 
Tc Carbonaceous 
Td Te b 
Tc Convolute bedding Td 
1 
Minor cruziana Te 
Tb Tc Convolute bedding Td 
Te Tc 
Td Te 





Te Tc Td 
Te 
Tb Tc Abundant convolute bedding 
Td Te 






Tb Tc Convolute bedding, carbonaceous material 
Td Te 
Tc Carbonaceous material Td 
2 





Tc Carbonaceous material Td Te 
Tb Tc Abundant convolute bedding 
Td 1 Minor Cruziana Te 
Tc Td 
1 
Patchy Chondrites Te 
Tc Crudely rippled Td 
Te 
? Massive sand Td 
4 
Abundant Cruziana Te 
Tb 
Tc Td 




Tb Tc Convolute bedding 
Td Te 
Tb Tc Td 
1 
Horizontal burrows Te 
Tc Td Te 
Tc Carbonaceous bands, convolute bedding Td 
1 
Patchy chondrites Te 
Tb 





Tc Convolute bedding Td 
3 
Patchy chondrites 








Td Te Tb 
Tc Carbonceous material Td 
Te Tb 
Tc Convoluted bedding Td 
2 









Tc Minor carbonaceous material 
Td Te 
Tc 




Tb Tc Td 
Te 
Tb Tc Abandunt convolute lamination 
Td Te 
Tc Td Te 





Tc Convolute bedding Td 
Te Td Te 
Tb 
Tc Convolute bedding Td 
Te Tb Tc 
Td Te 




Td 1 Cruziana Te Tc 
Td 







Tc Convolute bedding 
Td 
3 
Cruziana, minor patchy chondrites Te 










Tc Carbonaceous material Td 
5 
Abandunt cruziana Te 









Cruziana, Chrondrites e 
Tb Tc Soft-sediment deformation, load casts 
Td 
Te 




Td 3 Abaundant Cruziana, vertical burrows Te 
Tb 
Tc 




















Td 3 Cruziana Tc 
Td 2 Cruziana, Patchy chondrites Tc 
Td Cruziana Tb 
Tc High content of carbonaceous material 
Td 3 Patchy chondrites 
Tb 
Tc Partly carbonaceous 
Td 
1 
Patchy chondrites Te 
Tc Td 
Tc Partly carbonaceous 
Td 2 Cruziana Te Tb 
Tc Td 
2 
Cruziana, Chondrites Te Tb 
Tc Minor convolute bedding td 
Te Tb 
Tc Cruziana Td 
4 Tc Convolute lamination Td 
Te 
































































































Dip 27NW, 028 
Bioturbation at contact 
Dip 27 NW, 026 
Cruziana at contact 
Bioeroded 
Cruziana 
Heavily bioeroded, Dip 26 NW, 027 
Cruziana 
Bioturbation at contact, cruziana 
Dip 40NW 
Bioturbation at contact with bed above 
Patchy chondrites, cruziana 
Heavily bioturbated - megagrapton, cruziana 
Bioerosion, heavily convulted 
Bioturbation at contact 
Bioturbation at contact with bed below 
Megagrapton, Cruziana at contact 
Cruziana 
Patchy chondrites 
Megagrapton at contact with bed above 
Cruziana at contact 
Cruziana 
Thaslanoides 
Bioturbation at contact with bed above 
Heavily bioeroded, Dip - 027, 37NW 
Patchy chondrites, cruziana 
Cruziana at contact Patchy chondrites 
Patchy chondrites 
Cruziana, bioerosion, patchy chondrites 
Cruziana, bioerosion, ripples 
Bioturbation at contact with bed above, patchy chondrites, megagrapton 
Cruziana at contact with bed above 
Cruziana 
Thaslanoides, Dip - 027, 35NW 









Bioturbation at contact with bed above 
Bioturbation 
Bioturbation at contact 
Bioturbation at contact with above bed, Highly convoluted 
Cruziana 
Bioturbation with bed above, Organic matter 
Bioturbation at contact with above bed 
Dip - 24NW, 027 





Cruziana at contact with bed above 
Cruziana at contact with above bed, Bioerosion 
Bioerosion 
Cruziana at contact with above bed 
Highly convoluted 
Cruziana at contact with above bed 
Contact hard to define with above unit 
Bioturbation at contact with bed above, Cruziana, Megagrapton 
Dip - 22NW, Strike -032 
Bioerosion 







Cruziana, Patchy Chondrites 
Cruziana, Patchy Chondrites 
Bioerosion, carbonaceaous, Megagrapton, cruziana 




Patchy Chondrites, Cruziana 






Patchy chondrites, megagrapton on contact with above bed 
Cruziana 
Megagrapton 
Ball and pillow structures, Bioerosion 





Cruziana, megagrapton at contact with bed beneath 
Megagrapton, cruziana 
Cruziana, Dip 30NW 
Cruziana 
Cruziana 
Cruziana at contact with bed beneath 
Cruziana, megagrapton, zoophycous 
Patchy chondrites, Dip 24NW 
Cruziana 
Cruziana 
Megagrapton on contact with unit above 
Megagrapton at contact with unit below 
Bioturbation on contact with above unit 
Cruziana, Megagrapton 
Ball and load structures 
Ball and load structures 
Megagrapton 
Ball and load structures Megagrapton 
Cruziana, Megagrapton 
Cruziana 




Silica rich bed altered post depositionally 
Bioturbation - Cruziana, Megagrapton. 
Cruziana on contact with unit above 
Cruziana on contact between above unit 





























































































Cross-ripples 2.5cm high, rare fossils: cruziana and chondrites 
1 
Chondrites and cruziana 1 
Changed colour in top 1.5cm Convolute bedding in top 1.5cm 
Marker bed: Orange in colour 
Bioturbation 2 in palces 
2 Bioturbation: 2 in places 
2 
1 




1 Patchy chondrites 
1 
No bedding found in unit - weathering of surface; sharp erosional 
contact with Te 
Cross-ripples 1.5 - 3cm high 
2 
Convolute bedding in top 1.5cm 
Marker bed: distinct orange colouring 
Condrites 
1 Patchy chondrites Sharp wavy contact 
Convolutions with overturned fold (3cm); areas/pulses of medium 
sand 
Patchy chondrites 1 
Slight convolution of sand in top of bed; condrites 
Patchy chondrites and chondrites, skolithos and cruziana 3 
1 
Patchy chondrites 2 
Patial convolute bedding at top 
Patchy chondrites 1 
Varying thickness: poorly preserved ripples being infilled by overlying 
mud unit. 
Wavy contact with below unit, poorly preserved ripples on top of unit 
Cruziana and patchy chondrites 1 
Chondrites 
1 Varying thickness; small loading of sand into underlying Te unit. Patchy chondrites: BI 1, with BI 2 is some areas 
1 




Planolities: BI 1-2 
2 
Planolities: BI 2-3 
3 Planolites: BI 1-2 in areas 
2 
Cruziana and Planolites: BI 1-2 
2 
Orange marker bed 
Cruziana: BI 1-2 
1 




1 Varying thickness; planolities 
2 
Marker bed: orange colouring 
Loading into underlying Te layer 
2 
Planolities and patchy chondrites 
2 
Planolities and patchy chondrites 
1 Patchy chondrites 
1 Planolities and chondrites 
1 Patchy chondrites and cruziana 
3 Patchy chondrites 
1 







Planolities and patchy chonodrites 
3 
Planolites and patchy chondrites 1 
Planolites 
1 
Cruziana and Planolites: BI 1-2 
2 
Cruziana and Planolites: BI 1 
1 
Planolities 
Large ball and pillar structures (6cm) Planolities: BI 1 1 
Planolities: BI 1 - large (up to 7cm) 
1 
Patchy chondrites and Planolities 
1 Large planolites and chondrites 
3 








Planar beds 0.3cm thick 
Varying thickness; chondrites, cruziana and planolites (7cm long) 2 





















































































Td 2 Te - CRUZ 
2 Tc Td 
1 
Te 
1 Tc - convoluted Td 




1 Tc Td 
1 Te 
Tc 










Td 1 Te 
1 Tb 












Td 1 Te 
1 
Tc 
Td 1 Te 
1 Tc 
Td 1 Te 
1 Tc 












1 Tc - convoluted Td 
1 Te 






























Td 1 Te 










































Td e Tb 
Tc Td 
Te Tc Td 
Te Tc 
Td Te 








Te Tc Td 
Te Tc d 
Te 1 
Tc Td 
1 Te - CRUZ PH 









Tc Td Te 
Tc Td 


















Td Te Tc 
Td Tc 
Td 













Td Te Tc 
Td 
Te Td 
Te c Td Te 
Tb 
Tc Td 
Te Tc Td 
Te Tb 
Tc Td 
Te Tc Td 
Te Td 
Te Tc Td 







Td Te Td 
Te Td 





Te Tc Td 
Te 














1 Tc Td 
1 Te 
















Te 1 Tc Td 
1 Te 





Td 1 Te 
1 Td 







Te Tc Td 
Te Tc 
Td 
Te Td Te 
Td Te Tc Td 




Te Tc Td 
Te Tc 
Td Te Tc 
Td 
Te Tc Td 
Te Tc d 
Te Td 













1 Tc Td 
1 Te 





























1 Te 1 
Td 
1 Te 









Tc - convoluted 
Td 
1 















1 Tc d 
Te 
Tc - convoluted Td 
Te Td 
Te 
















Tc - convoluted Td 
1 Te - CRUZ 1 Tc Td 
1 
Te 
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No XPL – Used only for grain size parameters 
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No XPL – Used only for grain size parameters 
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Grain size data in mm and phi () for sandstone and siltstone samples 
 
Grain TS1.1 TS1.2 TS1.3 TS1.4 TS1.5 TS2.31 TS2.32 TS2.4 TS2.6 TS2.8 TS2.9 TS2.10
mm phi (ɸ) mm phi (ɸ) mm phi (ɸ) mm phi (ɸ) mm phi (ɸ) mm phi (ɸ) mm phi (ɸ) mm phi (ɸ) mm phi (ɸ) mm phi (ɸ) mm phi (ɸ) mm
1 0.1340 2.8997 0.0940 3.4112 0.0440 4.5064 0.0770 3.6990 0.1100 3.1844 0.0720 3.7959 0.0600 4.0589 0.1300 2.9434 0.0770 3.6990 0.0640 3.9658 0.0810 3.6259 0.1330
2 0.1060 3.2379 0.1050 3.2515 0.0270 5.2109 0.0730 3.7760 0.1120 3.1584 0.0840 3.5735 0.0580 4.1078 0.1350 2.8890 0.0760 3.7179 0.0500 4.3219 0.1200 3.0589 0.0590
3 0.0580 4.1078 0.0910 3.4580 0.0470 4.4112 0.1400 2.8365 0.1240 3.0116 0.1000 3.3219 0.1170 3.0954 0.1140 3.1329 0.0640 3.9658 0.0400 4.6439 0.0780 3.6804 0.0870
4 0.0540 4.2109 0.0610 4.0350 0.0320 4.9658 0.1440 2.7959 0.0940 3.4112 0.0470 4.4112 0.0950 3.3959 0.0940 3.4112 0.0470 4.4112 0.0650 3.9434 0.0720 3.7959 0.0540
5 0.1300 2.9434 0.1170 3.0954 0.0180 5.7959 0.1000 3.3219 0.1220 3.0350 0.1340 2.8997 0.1000 3.3219 0.0660 3.9214 0.0670 3.8997 0.0720 3.7959 0.0850 3.5564 0.0690
6 0.0540 4.2109 0.0440 4.5064 0.0400 4.6439 0.1780 2.4901 0.1990 2.3292 0.1160 3.1078 0.0650 3.9434 0.1290 2.9546 0.0490 4.3511 0.0980 3.3511 0.1110 3.1714 0.1090
7 0.0900 3.4739 0.0740 3.7563 0.0400 4.6439 0.1770 2.4982 0.0810 3.6259 0.0850 3.5564 0.0830 3.5907 0.1200 3.0589 0.0790 3.6620 0.0390 4.6804 0.0780 3.6804 0.0700
8 0.0400 4.6439 0.0590 4.0831 0.0250 5.3219 0.1080 3.2109 0.0900 3.4739 0.1230 3.0233 0.1510 2.7274 0.0870 3.5228 0.0460 4.4422 0.0330 4.9214 0.0770 3.6990 0.0640
9 0.1130 3.1456 0.1530 2.7084 0.0400 4.6439 0.1100 3.1844 0.1310 2.9324 0.0470 4.4112 0.0520 4.2653 0.0540 4.2109 0.0510 4.2934 0.0450 4.4739 0.0800 3.6439 0.0580
10 0.0410 4.6082 0.1900 2.3959 0.0370 4.7563 0.1170 3.0954 0.1180 3.0831 0.1070 3.2243 0.0880 3.5064 0.0600 4.0589 0.0660 3.9214 0.0530 4.2379 0.1120 3.1584 0.1070
11 0.0680 3.8783 0.0940 3.4112 0.0420 4.5735 0.1250 3.0000 0.0700 3.8365 0.1410 2.8262 0.0790 3.6620 0.1290 2.9546 0.0440 4.5064 0.0840 3.5735 0.1180 3.0831 0.0770
12 0.0650 3.9434 0.1390 2.8468 0.0360 4.7959 0.1290 2.9546 0.0900 3.4739 0.2390 2.0649 0.0850 3.5564 0.0550 4.1844 0.0370 4.7563 0.0780 3.6804 0.1250 3.0000 0.0780
13 0.1130 3.1456 0.1790 2.4820 0.0200 5.6439 0.0940 3.4112 0.0790 3.6620 0.1610 2.6349 0.0800 3.6439 0.0770 3.6990 0.0570 4.1329 0.0430 4.5395 0.0870 3.5228 0.0990
14 0.0810 3.6259 0.1790 2.4820 0.0420 4.5735 0.2080 2.2653 0.1040 3.2653 0.1270 2.9771 0.0730 3.7760 0.0980 3.3511 0.0820 3.6082 0.0710 3.8160 0.0760 3.7179 0.0650
15 0.0730 3.7760 0.0950 3.3959 0.0440 4.5064 0.1510 2.7274 0.0970 3.3659 0.1570 2.6712 0.0620 4.0116 0.1540 2.6990 0.0640 3.9658 0.0400 4.6439 0.0720 3.7959 0.1080
16 0.0960 3.3808 0.1460 2.7760 0.0630 3.9885 0.0830 3.5907 0.1300 2.9434 0.1610 2.6349 0.0520 4.2653 0.1490 2.7466 0.0380 4.7179 0.0570 4.1329 0.0750 3.7370 0.1160
17 0.0420 4.5735 0.0580 4.1078 0.0430 4.5395 0.1690 2.5649 0.1280 2.9658 0.0800 3.6439 0.0810 3.6259 0.0520 4.2653 0.0580 4.1078 0.0530 4.2379 0.0740 3.7563 0.1270
18 0.0550 4.1844 0.1410 2.8262 0.0530 4.2379 0.0810 3.6259 0.0780 3.6804 0.0530 4.2379 0.0760 3.7179 0.0540 4.2109 0.0990 3.3364 0.0770 3.6990 0.0870 3.5228 0.0590
19 0.1190 3.0710 0.1530 2.7084 0.0520 4.2653 0.0780 3.6804 0.1010 3.3076 0.0880 3.5064 0.0800 3.6439 0.0700 3.8365 0.1100 3.1844 0.0810 3.6259 0.0660 3.9214 0.0900
20 0.1000 3.3219 0.1070 3.2243 0.0380 4.7179 0.0900 3.4739 0.1140 3.1329 0.0480 4.3808 0.0760 3.7179 0.0450 4.4739 0.0650 3.9434 0.0820 3.6082 0.0600 4.0589 0.0860
21 0.0490 4.3511 0.0980 3.3511 0.0530 4.2379 0.1150 3.1203 0.1060 3.2379 0.0760 3.7179 0.0450 4.4739 0.0710 3.8160 0.0340 4.8783 0.0390 4.6804 0.1080 3.2109 0.1100
22 0.0580 4.1078 0.1020 3.2934 0.0420 4.5735 0.1400 2.8365 0.0780 3.6804 0.0780 3.6804 0.0620 4.0116 0.0960 3.3808 0.0530 4.2379 0.0510 4.2934 0.0690 3.8573 0.1070
23 0.0880 3.5064 0.0700 3.8365 0.0240 5.3808 0.1480 2.7563 0.1350 2.8890 0.0470 4.4112 0.0550 4.1844 0.1640 2.6082 0.0530 4.2379 0.0540 4.2109 0.0830 3.5907 0.1100
24 0.0530 4.2379 0.0500 4.3219 0.0570 4.1329 0.1220 3.0350 0.2440 2.0350 0.1130 3.1456 0.2020 2.3076 0.0710 3.8160 0.0630 3.9885 0.0570 4.1329 0.0710 3.8160 0.0710
25 0.0960 3.3808 0.0870 3.5228 0.0650 3.9434 0.1310 2.9324 0.1970 2.3437 0.0560 4.1584 0.1330 2.9105 0.1010 3.3076 0.0350 4.8365 0.0470 4.4112 0.0600 4.0589 0.1830
26 0.1300 2.9434 0.1970 2.3437 0.0500 4.3219 0.1510 2.7274 0.1070 3.2243 0.1810 2.4659 0.1270 2.9771 0.0620 4.0116 0.1030 3.2793 0.0710 3.8160 0.0910 3.4580 0.1230
27 0.1330 2.9105 0.0530 4.2379 0.0580 4.1078 0.0860 3.5395 0.1090 3.1976 0.0690 3.8573 0.1410 2.8262 0.1590 2.6529 0.0670 3.8997 0.0730 3.7760 0.0730 3.7760 0.0910
28 0.0520 4.2653 0.0790 3.6620 0.0290 5.1078 0.0970 3.3659 0.1650 2.5995 0.1120 3.1584 0.1170 3.0954 0.0760 3.7179 0.1010 3.3076 0.0580 4.1078 0.1240 3.0116 0.1640
29 0.0780 3.6804 0.1110 3.1714 0.1000 3.3219 0.0800 3.6439 0.0820 3.6082 0.0610 4.0350 0.0800 3.6439 0.0470 4.4112 0.0950 3.3959 0.0670 3.8997 0.1180 3.0831 0.0850
30 0.0540 4.2109 0.1780 2.4901 0.0560 4.1584 0.0430 4.5395 0.2010 2.3147 0.0840 3.5735 0.0620 4.0116 0.0520 4.2653 0.0330 4.9214 0.0410 4.6082 0.1110 3.1714 0.1260
31 0.1590 2.6529 0.0500 4.3219 0.0330 4.9214 0.1060 3.2379 0.1420 2.8160 0.1240 3.0116 0.1600 2.6439 0.0630 3.9885 0.0240 5.3808 0.0470 4.4112 0.0940 3.4112 0.0740
32 0.0990 3.3364 0.0720 3.7959 0.0370 4.7563 0.0780 3.6804 0.1060 3.2379 0.0840 3.5735 0.0570 4.1329 0.1030 3.2793 0.0370 4.7563 0.0960 3.3808 0.0680 3.8783 0.0760
33 0.0670 3.8997 0.0860 3.5395 0.0280 5.1584 0.1750 2.5146 0.1580 2.6620 0.0350 4.8365 0.0570 4.1329 0.1130 3.1456 0.0860 3.5395 0.0510 4.2934 0.0690 3.8573 0.0800
34 0.0770 3.6990 0.0700 3.8365 0.0320 4.9658 0.1320 2.9214 0.1150 3.1203 0.1000 3.3219 0.0740 3.7563 0.0570 4.1329 0.0780 3.6804 0.0590 4.0831 0.0790 3.6620 0.0890
35 0.0830 3.5907 0.0900 3.4739 0.0290 5.1078 0.1030 3.2793 0.1170 3.0954 0.0450 4.4739 0.0410 4.6082 0.0650 3.9434 0.0220 5.5064 0.0700 3.8365 0.1180 3.0831 0.0600
36 0.1130 3.1456 0.0780 3.6804 0.0430 4.5395 0.0670 3.8997 0.1360 2.8783 0.1700 2.5564 0.0870 3.5228 0.0520 4.2653 0.0540 4.2109 0.0990 3.3364 0.0860 3.5395 0.1190
37 0.0440 4.5064 0.1690 2.5649 0.0340 4.8783 0.0960 3.3808 0.1580 2.6620 0.2100 2.2515 0.1240 3.0116 0.0740 3.7563 0.0250 5.3219 0.0710 3.8160 0.0720 3.7959 0.1460
38 0.0530 4.2379 0.0860 3.5395 0.0340 4.8783 0.1690 2.5649 0.1410 2.8262 0.0850 3.5564 0.0910 3.4580 0.0850 3.5564 0.1360 2.8783 0.0980 3.3511 0.0680 3.8783 0.1170
39 0.0810 3.6259 0.1950 2.3585 0.0210 5.5735 0.1030 3.2793 0.0960 3.3808 0.0760 3.7179 0.0630 3.9885 0.1140 3.1329 0.0340 4.8783 0.0560 4.1584 0.0800 3.6439 0.0610
40 0.0480 4.3808 0.1120 3.1584 0.0260 5.2653 0.1600 2.6439 0.1390 2.8468 0.0380 4.7179 0.0800 3.6439 0.1110 3.1714 0.0680 3.8783 0.0520 4.2653 0.1020 3.2934 0.0820
41 0.1220 3.0350 0.0550 4.1844 0.0640 3.9658 0.1050 3.2515 0.1270 2.9771 0.0490 4.3511 0.1070 3.2243 0.1500 2.7370 0.0390 4.6804 0.0680 3.8783 0.0770 3.6990 0.0770
42 0.0440 4.5064 0.1820 2.4580 0.0200 5.6439 0.0980 3.3511 0.1780 2.4901 0.1590 2.6529 0.0440 4.5064 0.0960 3.3808 0.0210 5.5735 0.0400 4.6439 0.0640 3.9658 0.0850
43 0.1430 2.8059 0.0920 3.4422 0.0290 5.1078 0.1240 3.0116 0.1020 3.2934 0.0390 4.6804 0.1130 3.1456 0.0770 3.6990 0.0310 5.0116 0.0530 4.2379 0.0990 3.3364 0.0650
44 0.0430 4.5395 0.0870 3.5228 0.0390 4.6804 0.0910 3.4580 0.0890 3.4901 0.0510 4.2934 0.1490 2.7466 0.0660 3.9214 0.0380 4.7179 0.0800 3.6439 0.0660 3.9214 0.0700
45 0.1250 3.0000 0.1430 2.8059 0.0430 4.5395 0.0440 4.5064 0.1040 3.2653 0.0760 3.7179 0.0760 3.7179 0.0950 3.3959 0.0200 5.6439 0.0990 3.3364 0.0790 3.6620 0.0550
46 0.1600 2.6439 0.0970 3.3659 0.0290 5.1078 0.1350 2.8890 0.0790 3.6620 0.0890 3.4901 0.0810 3.6259 0.0670 3.8997 0.0440 4.5064 0.0790 3.6620 0.1110 3.1714 0.0830
47 0.1350 2.8890 0.0920 3.4422 0.0230 5.4422 0.0870 3.5228 0.0830 3.5907 0.0720 3.7959 0.0760 3.7179 0.1130 3.1456 0.0350 4.8365 0.0510 4.2934 0.0620 4.0116 0.1270
48 0.0920 3.4422 0.1010 3.3076 0.0280 5.1584 0.0340 4.8783 0.1080 3.2109 0.0950 3.3959 0.1000 3.3219 0.0990 3.3364 0.0600 4.0589 0.0990 3.3364 0.0690 3.8573 0.0700
49 0.0660 3.9214 0.0400 4.6439 0.0440 4.5064 0.0380 4.7179 0.1440 2.7959 0.0680 3.8783 0.0530 4.2379 0.1170 3.0954 0.0450 4.4739 0.1210 3.0469 0.0700 3.8365 0.0570
50 0.0830 3.5907 0.1070 3.2243 0.0310 5.0116 0.0820 3.6082 0.1010 3.3076 0.1600 2.6439 0.0860 3.5395 0.0550 4.1844 0.0530 4.2379 0.0820 3.6082 0.0670 3.8997 0.0970
51 0.0890 3.4901 0.0920 3.4422 0.0160 5.9658 0.0300 5.0589 0.1370 2.8678 0.0650 3.9434 0.0930 3.4266 0.0570 4.1329 0.0550 4.1844 0.0850 3.5564 0.0870 3.5228 0.0800
52 0.0740 3.7563 0.1120 3.1584 0.0340 4.8783 0.1160 3.1078 0.1520 2.7179 0.1580 2.6620 0.0970 3.3659 0.0610 4.0350 0.0530 4.2379 0.0810 3.6259 0.0600 4.0589 0.2050
53 0.1130 3.1456 0.2410 2.0529 0.0930 3.4266 0.0720 3.7959 0.1040 3.2653 0.0270 5.2109 0.1250 3.0000 0.0810 3.6259 0.0430 4.5395 0.0810 3.6259 0.0720 3.7959 0.1630
54 0.0830 3.5907 0.1020 3.2934 0.0250 5.3219 0.1300 2.9434 0.2010 2.3147 0.0420 4.5735 0.1570 2.6712 0.0770 3.6990 0.0850 3.5564 0.0870 3.5228 0.0920 3.4422 0.0960
55 0.1580 2.6620 0.1660 2.5907 0.0260 5.2653 0.1070 3.2243 0.1850 2.4344 0.0430 4.5395 0.0760 3.7179 0.0470 4.4112 0.0260 5.2653 0.1580 2.6620 0.0960 3.3808 0.1260
56 0.1040 3.2653 0.0700 3.8365 0.0300 5.0589 0.1670 2.5821 0.2500 2.0000 0.0910 3.4580 0.0660 3.9214 0.1170 3.0954 0.0280 5.1584 0.0920 3.4422 0.0860 3.5395 0.0910
57 0.0870 3.5228 0.0860 3.5395 0.0280 5.1584 0.1590 2.6529 0.0990 3.3364 0.1530 2.7084 0.1120 3.1584 0.0930 3.4266 0.0570 4.1329 0.0630 3.9885 0.0970 3.3659 0.1330
58 0.0720 3.7959 0.1600 2.6439 0.0300 5.0589 0.1140 3.1329 0.0500 4.3219 0.1210 3.0469 0.1220 3.0350 0.0800 3.6439 0.0830 3.5907 0.0460 4.4422 0.0670 3.8997 0.0950
59 0.1170 3.0954 0.1050 3.2515 0.0280 5.1584 0.0940 3.4112 0.0750 3.7370 0.1290 2.9546 0.1360 2.8783 0.0880 3.5064 0.0770 3.6990 0.0350 4.8365 0.0960 3.3808 0.1070
60 0.0800 3.6439 0.1050 3.2515 0.0330 4.9214 0.1050 3.2515 0.0990 3.3364 0.1160 3.1078 0.1450 2.7859 0.0880 3.5064 0.0860 3.5395 0.0460 4.4422 0.0670 3.8997 0.0790
61 0.0890 3.4901 0.2190 2.1910 0.0420 4.5735 0.1930 2.3733 0.1140 3.1329 0.0820 3.6082 0.0690 3.8573 0.0860 3.5395 0.0730 3.7760 0.0650 3.9434 0.0880 3.5064 0.1580
62 0.1040 3.2653 0.1040 3.2653 0.0410 4.6082 0.1110 3.1714 0.1800 2.4739 0.1190 3.0710 0.0590 4.0831 0.1820 2.4580 0.0300 5.0589 0.1060 3.2379 0.0910 3.4580 0.2000
63 0.0490 4.3511 0.0910 3.4580 0.0320 4.9658 0.1160 3.1078 0.1250 3.0000 0.0830 3.5907 0.0780 3.6804 0.0600 4.0589 0.0790 3.6620 0.0470 4.4112 0.0720 3.7959 0.1250
64 0.0820 3.6082 0.1030 3.2793 0.0390 4.6804 0.1820 2.4580 0.1380 2.8573 0.0800 3.6439 0.0630 3.9885 0.0940 3.4112 0.0640 3.9658 0.0520 4.2653 0.0910 3.4580 0.1170
65 0.0730 3.7760 0.1490 2.7466 0.0310 5.0116 0.0840 3.5735 0.1330 2.9105 0.1370 2.8678 0.0980 3.3511 0.0390 4.6804 0.0570 4.1329 0.0600 4.0589 0.0930 3.4266 0.1020
66 0.0910 3.4580 0.0940 3.4112 0.0310 5.0116 0.0960 3.3808 0.1630 2.6171 0.2610 1.9379 0.0530 4.2379 0.1200 3.0589 0.0390 4.6804 0.0480 4.3808 0.0900 3.4739 0.0990
67 0.1370 2.8678 0.1180 3.0831 0.0300 5.0589 0.0880 3.5064 0.1210 3.0469 0.0770 3.6990 0.1010 3.3076 0.0650 3.9434 0.0250 5.3219 0.0540 4.2109 0.1140 3.1329 0.1220
68 0.0850 3.5564 0.1120 3.1584 0.0610 4.0350 0.0600 4.0589 0.1060 3.2379 0.1010 3.3076 0.1340 2.8997 0.0900 3.4739 0.0470 4.4112 0.0700 3.8365 0.0790 3.6620 0.1080
69 0.0500 4.3219 0.0930 3.4266 0.0360 4.7959 0.1080 3.2109 0.1360 2.8783 0.2370 2.0770 0.0650 3.9434 0.0880 3.5064 0.0580 4.1078 0.0430 4.5395 0.0890 3.4901 0.1570
70 0.0690 3.8573 0.1130 3.1456 0.0360 4.7959 0.0560 4.1584 0.1280 2.9658 0.1560 2.6804 0.0770 3.6990 0.1520 2.7179 0.0410 4.6082 0.0960 3.3808 0.0780 3.6804 0.1520
71 0.0410 4.6082 0.1770 2.4982 0.0350 4.8365 0.0940 3.4112 0.0520 4.2653 0.1040 3.2653 0.0440 4.5064 0.1170 3.0954 0.0820 3.6082 0.0410 4.6082 0.1070 3.2243 0.2530
72 0.0370 4.7563 0.2980 1.7466 0.0300 5.0589 0.0750 3.7370 0.1550 2.6897 0.0930 3.4266 0.0850 3.5564 0.0930 3.4266 0.0430 4.5395 0.0960 3.3808 0.0760 3.7179 0.0660
73 0.0530 4.2379 0.0940 3.4112 0.0450 4.4739 0.0670 3.8997 0.0470 4.4112 0.0520 4.2653 0.0860 3.5395 0.0920 3.4422 0.0330 4.9214 0.0440 4.5064 0.1060 3.2379 0.0870
74 0.0560 4.1584 0.0710 3.8160 0.0340 4.8783 0.0970 3.3659 0.1330 2.9105 0.0950 3.3959 0.0980 3.3511 0.0850 3.5564 0.0500 4.3219 0.0640 3.9658 0.1340 2.8997 0.1190
75 0.1150 3.1203 0.1730 2.5312 0.0260 5.2653 0.0240 5.3808 0.0460 4.4422 0.0760 3.7179 0.0750 3.7370 0.0970 3.3659 0.0970 3.3659 0.0820 3.6082 0.0800 3.6439 0.0990
76 0.1090 3.1976 0.0850 3.5564 0.0280 5.1584 0.0450 4.4739 0.1420 2.8160 0.1290 2.9546 0.0630 3.9885 0.0550 4.1844 0.1090 3.1976 0.0740 3.7563 0.1140 3.1329 0.0550
77 0.0540 4.2109 0.1480 2.7563 0.0290 5.1078 0.1230 3.0233 0.1230 3.0233 0.1320 2.9214 0.0940 3.4112 0.0650 3.9434 0.0630 3.9885 0.0810 3.6259 0.1110 3.1714 0.1210
78 0.0820 3.6082 0.1800 2.4739 0.0290 5.1078 0.1170 3.0954 0.1340 2.8997 0.1220 3.0350 0.0530 4.2379 0.0560 4.1584 0.0800 3.6439 0.0670 3.8997 0.1000 3.3219 0.0990
79 0.1240 3.0116 0.0960 3.3808 0.0210 5.5735 0.1490 2.7466 0.0990 3.3364 0.0970 3.3659 0.0650 3.9434 0.0490 4.3511 0.0680 3.8783 0.0450 4.4739 0.0710 3.8160 0.1090
80 0.1030 3.2793 0.1740 2.5228 0.0380 4.7179 0.1550 2.6897 0.1110 3.1714 0.1090 3.1976 0.0620 4.0116 0.0610 4.0350 0.0610 4.0350 0.1000 3.3219 0.0740 3.7563 0.0780
81 0.1010 3.3076 0.0820 3.6082 0.0550 4.1844 0.1100 3.1844 0.0840 3.5735 0.1440 2.7959 0.0570 4.1329 0.0760 3.7179 0.0370 4.7563 0.0510 4.2934 0.1390 2.8468 0.1010
82 0.1210 3.0469 0.1200 3.0589 0.0390 4.6804 0.0810 3.6259 0.1110 3.1714 0.1310 2.9324 0.0640 3.9658 0.0670 3.8997 0.1080 3.2109 0.0670 3.8997 0.0910 3.4580 0.0840
83 0.1050 3.2515 0.1160 3.1078 0.0350 4.8365 0.0630 3.9885 0.1920 2.3808 0.1210 3.0469 0.0580 4.1078 0.0850 3.5564 0.0730 3.7760 0.0620 4.0116 0.1070 3.2243 0.1010
84 0.1260 2.9885 0.1390 2.8468 0.0620 4.0116 0.1670 2.5821 0.0920 3.4422 0.0800 3.6439 0.0460 4.4422 0.0540 4.2109 0.0780 3.6804 0.0570 4.1329 0.0830 3.5907 0.1530
85 0.1280 2.9658 0.1560 2.6804 0.0240 5.3808 0.0970 3.3659 0.1110 3.1714 0.0630 3.9885 0.0700 3.8365 0.1210 3.0469 0.0540 4.2109 0.0480 4.3808 0.1220 3.0350 0.0830
86 0.0900 3.4739 0.1550 2.6897 0.0370 4.7563 0.1750 2.5146 0.1670 2.5821 0.0910 3.4580 0.0810 3.6259 0.0320 4.9658 0.0490 4.3511 0.0290 5.1078 0.0730 3.7760 0.1420
87 0.0910 3.4580 0.0810 3.6259 0.0870 3.5228 0.0860 3.5395 0.0710 3.8160 0.1530 2.7084 0.0580 4.1078 0.0500 4.3219 0.0420 4.5735 0.0310 5.0116 0.0830 3.5907 0.0870
88 0.0780 3.6804 0.0870 3.5228 0.0290 5.1078 0.0450 4.4739 0.1750 2.5146 0.1290 2.9546 0.0850 3.5564 0.0880 3.5064 0.0710 3.8160 0.0660 3.9214 0.1160 3.1078 0.1560
89 0.0840 3.5735 0.0780 3.6804 0.0230 5.4422 0.1160 3.1078 0.1400 2.8365 0.0810 3.6259 0.1050 3.2515 0.0390 4.6804 0.0730 3.7760 0.0510 4.2934 0.0860 3.5395 0.1400
90 0.0530 4.2379 0.1060 3.2379 0.0810 3.6259 0.1070 3.2243 0.1320 2.9214 0.1100 3.1844 0.0690 3.8573 0.0300 5.0589 0.0470 4.4112 0.0610 4.0350 0.0900 3.4739 0.1690
91 0.0470 4.4112 0.1380 2.8573 0.0420 4.5735 0.1100 3.1844 0.1310 2.9324 0.1140 3.1329 0.1130 3.1456 0.0610 4.0350 0.0950 3.3959 0.0490 4.3511 0.0740 3.7563 0.1780
92 0.0850 3.5564 0.1090 3.1976 0.0500 4.3219 0.0940 3.4112 0.0820 3.6082 0.0790 3.6620 0.0670 3.8997 0.1090 3.1976 0.0530 4.2379 0.0710 3.8160 0.0950 3.3959 0.1550
93 0.1370 2.8678 0.1260 2.9885 0.0470 4.4112 0.1050 3.2515 0.1090 3.1976 0.0880 3.5064 0.0830 3.5907 0.0530 4.2379 0.0780 3.6804 0.1180 3.0831 0.0840 3.5735 0.1500
94 0.1310 2.9324 0.1180 3.0831 0.0330 4.9214 0.0930 3.4266 0.1210 3.0469 0.0790 3.6620 0.0910 3.4580 0.0880 3.5064 0.0690 3.8573 0.0620 4.0116 0.0900 3.4739 0.1340
95 0.1020 3.2934 0.1760 2.5064 0.0240 5.3808 0.0460 4.4422 0.1240 3.0116 0.0620 4.0116 0.1570 2.6712 0.0860 3.5395 0.0380 4.7179 0.0960 3.3808 0.1050 3.2515 0.1440
96 0.0450 4.4739 0.1380 2.8573 0.0520 4.2653 0.0290 5.1078 0.1310 2.9324 0.0900 3.4739 0.0670 3.8997 0.0250 5.3219 0.1030 3.2793 0.0660 3.9214 0.0960 3.3808 0.1720
97 0.0740 3.7563 0.1120 3.1584 0.0470 4.4112 0.0920 3.4422 0.1170 3.0954 0.0950 3.3959 0.1340 2.8997 0.1130 3.1456 0.0530 4.2379 0.0630 3.9885 0.0860 3.5395 0.1360
98 0.1030 3.2793 0.0550 4.1844 0.0290 5.1078 0.1030 3.2793 0.1140 3.1329 0.1170 3.0954 0.0530 4.2379 0.0290 5.1078 0.0470 4.4112 0.0700 3.8365 0.0990 3.3364 0.0960
99 0.0690 3.8573 0.1900 2.3959 0.0220 5.5064 0.1100 3.1844 0.2030 2.3004 0.0610 4.0350 0.0960 3.3808 0.0340 4.8783 0.0830 3.5907 0.0840 3.5735 0.0910 3.4580 0.1180
100 0.1190 3.0710 0.0680 3.8783 0.0200 5.6439 0.1590 2.6529 0.0990 3.3364 0.1430 2.8059 0.0760 3.7179 0.0460 4.4422 0.0570 4.1329 0.0310 5.0116 0.1120 3.1584 0.1210
101 0.1240 3.0116 0.0740 3.7563 0.1050 3.2515 0.0650 3.9434 0.0960 3.3808 0.0480 4.3808 0.0320 4.9658 0.0400 4.6439 0.0480 4.3808 0.0990 3.3364 0.1060
102 0.0830 3.5907 0.1390 2.8468 0.0510 4.2934 0.1310 2.9324 0.1470 2.7661 0.0600 4.0589 0.0500 4.3219 0.0750 3.7370 0.0210 5.5735 0.1110 3.1714 0.1550
103 0.0600 4.0589 0.0980 3.3511 0.0610 4.0350 0.1620 2.6259 0.0810 3.6259 0.1100 3.1844 0.0400 4.6439 0.0650 3.9434 0.0590 4.0831 0.0770 3.6990 0.1490
104 0.1010 3.3076 0.1460 2.7760 0.0580 4.1078 0.0980 3.3511 0.1110 3.1714 0.0800 3.6439 0.0660 3.9214 0.0190 5.7179 0.0430 4.5395 0.1320 2.9214 0.0980
105 0.1090 3.1976 0.0970 3.3659 0.1010 3.3076 0.0850 3.5564 0.0650 3.9434 0.0660 3.9214 0.0460 4.4422 0.0550 4.1844 0.0680 3.8783 0.0720 3.7959 0.0780
106 0.0720 3.7959 0.1140 3.1329 0.0930 3.4266 0.1290 2.9546 0.0590 4.0831 0.0840 3.5735 0.0880 3.5064 0.0630 3.9885 0.0420 4.5735 0.0700 3.8365 0.0670
107 0.1570 2.6712 0.1040 3.2653 0.0950 3.3959 0.1610 2.6349 0.1430 2.8059 0.0570 4.1329 0.0270 5.2109 0.0380 4.7179 0.0900 3.4739 0.0830 3.5907 0.1420
108 0.0830 3.5907 0.1340 2.8997 0.1740 2.5228 0.2280 2.1329 0.0760 3.7179 0.0810 3.6259 0.0240 5.3808 0.0640 3.9658 0.0670 3.8997 0.0900 3.4739 0.1130
109 0.0540 4.2109 0.0490 4.3511 0.1370 2.8678 0.0650 3.9434 0.0330 4.9214 0.0820 3.6082 0.0330 4.9214 0.0330 4.9214 0.0620 4.0116 0.0760 3.7179 0.0650
110 0.0510 4.2934 0.1480 2.7563 0.0660 3.9214 0.0680 3.8783 0.0760 3.7179 0.0660 3.9214 0.0690 3.8573 0.0450 4.4739 0.0590 4.0831 0.0680 3.8783 0.0590
111 0.0540 4.2109 0.1340 2.8997 0.0380 4.7179 0.0940 3.4112 0.1920 2.3808 0.0700 3.8365 0.0630 3.9885 0.0860 3.5395 0.0960 3.3808 0.0940 3.4112 0.0930
112 0.1250 3.0000 0.0760 3.7179 0.0430 4.5395 0.1250 3.0000 0.1480 2.7563 0.0990 3.3364 0.0420 4.5735 0.0350 4.8365 0.1280 2.9658 0.0760 3.7179 0.0860
113 0.0630 3.9885 0.1610 2.6349 0.0670 3.8997 0.0940 3.4112 0.1490 2.7466 0.0420 4.5735 0.1190 3.0710 0.0450 4.4739 0.0920 3.4422 0.0750 3.7370 0.0910
114 0.0480 4.3808 0.1100 3.1844 0.1210 3.0469 0.0960 3.3808 0.0960 3.3808 0.1080 3.2109 0.1190 3.0710 0.1460 2.7760 0.0520 4.2653 0.0650 3.9434 0.0810
115 0.0680 3.8783 0.0770 3.6990 0.1100 3.1844 0.0450 4.4739 0.0460 4.4422 0.0740 3.7563 0.0910 3.4580 0.0620 4.0116 0.0630 3.9885 0.0730 3.7760 0.0820
116 0.0850 3.5564 0.1430 2.8059 0.0980 3.3511 0.0700 3.8365 0.2020 2.3076 0.1030 3.2793 0.1180 3.0831 0.0540 4.2109 0.0670 3.8997 0.0850 3.5564 0.0640
117 0.0620 4.0116 0.1330 2.9105 0.1140 3.1329 0.1230 3.0233 0.1220 3.0350 0.0520 4.2653 0.0630 3.9885 0.0360 4.7959 0.0370 4.7563 0.0900 3.4739 0.1650
118 0.0520 4.2653 0.0740 3.7563 0.1230 3.0233 0.1450 2.7859 0.0760 3.7179 0.0950 3.3959 0.0590 4.0831 0.0230 5.4422 0.0590 4.0831 0.0910 3.4580 0.0990
119 0.0750 3.7370 0.1830 2.4501 0.0490 4.3511 0.0330 4.9214 0.0720 3.7959 0.0750 3.7370 0.0900 3.4739 0.0660 3.9214 0.0280 5.1584 0.0910 3.4580 0.1620
120 0.0870 3.5228 0.1360 2.8783 0.0360 4.7959 0.1120 3.1584 0.1490 2.7466 0.0470 4.4112 0.0590 4.0831 0.0400 4.6439 0.0350 4.8365 0.0720 3.7959 0.1400
121 0.0930 3.4266 0.2080 2.2653 0.0230 5.4422 0.1190 3.0710 0.0570 4.1329 0.0440 4.5064 0.1460 2.7760 0.0450 4.4739 0.0720 3.7959 0.0760 3.7179 0.1330
122 0.0980 3.3511 0.1760 2.5064 0.0640 3.9658 0.0660 3.9214 0.1290 2.9546 0.0600 4.0589 0.0800 3.6439 0.0970 3.3659 0.0470 4.4112 0.0710 3.8160 0.0910
123 0.1090 3.1976 0.1910 2.3884 0.1130 3.1456 0.0360 4.7959 0.0870 3.5228 0.0940 3.4112 0.0890 3.4901 0.0680 3.8783 0.0840 3.5735 0.0700 3.8365 0.0890
124 0.1350 2.8890 0.1480 2.7563 0.1070 3.2243 0.1670 2.5821 0.1250 3.0000 0.0890 3.4901 0.1470 2.7661 0.0360 4.7959 0.0570 4.1329 0.1270 2.9771 0.0900
125 0.0970 3.3659 0.1170 3.0954 0.0240 5.3808 0.1130 3.1456 0.1200 3.0589 0.0900 3.4739 0.0680 3.8783 0.0470 4.4112 0.0840 3.5735 0.1170 3.0954 0.1240
126 0.0610 4.0350 0.1160 3.1078 0.0350 4.8365 0.0860 3.5395 0.0580 4.1078 0.0820 3.6082 0.0510 4.2934 0.0840 3.5735 0.0420 4.5735 0.0930 3.4266 0.0620
127 0.0760 3.7179 0.1040 3.2653 0.0790 3.6620 0.1260 2.9885 0.0870 3.5228 0.0660 3.9214 0.0460 4.4422 0.0440 4.5064 0.1660 2.5907 0.0930 3.4266 0.0790
128 0.0990 3.3364 0.1380 2.8573 0.0980 3.3511 0.1100 3.1844 0.1390 2.8468 0.0700 3.8365 0.0730 3.7760 0.0450 4.4739 0.0620 4.0116 0.0940 3.4112 0.0610
129 0.1350 2.8890 0.0700 3.8365 0.0970 3.3659 0.1350 2.8890 0.0830 3.5907 0.0850 3.5564 0.0680 3.8783 0.0540 4.2109 0.0440 4.5064 0.0900 3.4739 0.0870
130 0.1250 3.0000 0.0700 3.8365 0.0990 3.3364 0.0820 3.6082 0.0290 5.1078 0.0770 3.6990 0.0750 3.7370 0.0280 5.1584 0.0530 4.2379 0.0970 3.3659 0.0870
131 0.0940 3.4112 0.0880 3.5064 0.0930 3.4266 0.1060 3.2379 0.0720 3.7959 0.0710 3.8160 0.1200 3.0589 0.0530 4.2379 0.1090 3.1976 0.0740 3.7563 0.0580
132 0.1010 3.3076 0.1190 3.0710 0.0790 3.6620 0.1040 3.2653 0.1050 3.2515 0.1110 3.1714 0.0610 4.0350 0.0490 4.3511 0.0530 4.2379 0.0910 3.4580 0.1320
133 0.1050 3.2515 0.1400 2.8365 0.0890 3.4901 0.0940 3.4112 0.0780 3.6804 0.1100 3.1844 0.1070 3.2243 0.0570 4.1329 0.0890 3.4901 0.0810 3.6259 0.1100
134 0.1280 2.9658 0.1680 2.5735 0.0890 3.4901 0.0600 4.0589 0.1070 3.2243 0.0730 3.7760 0.0720 3.7959 0.0670 3.8997 0.0460 4.4422 0.1580 2.6620 0.0480
135 0.1070 3.2243 0.0620 4.0116 0.1090 3.1976 0.0620 4.0116 0.0960 3.3808 0.1400 2.8365 0.0590 4.0831 0.0600 4.0589 0.0570 4.1329 0.1610 2.6349 0.1400
136 0.0600 4.0589 0.0970 3.3659 0.0630 3.9885 0.1000 3.3219 0.1130 3.1456 0.0720 3.7959 0.0810 3.6259 0.0840 3.5735 0.0360 4.7959 0.1160 3.1078 0.0790
137 0.1050 3.2515 0.0410 4.6082 0.1100 3.1844 0.1590 2.6529 0.0440 4.5064 0.0660 3.9214 0.0960 3.3808 0.0330 4.9214 0.0670 3.8997 0.0990 3.3364 0.1130
138 0.0690 3.8573 0.1630 2.6171 0.1530 2.7084 0.1220 3.0350 0.0930 3.4266 0.0730 3.7760 0.0470 4.4112 0.0720 3.7959 0.0480 4.3808 0.1090 3.1976 0.0810
139 0.0740 3.7563 0.1020 3.2934 0.0950 3.3959 0.1150 3.1203 0.0820 3.6082 0.0900 3.4739 0.0540 4.2109 0.0360 4.7959 0.0670 3.8997 0.0720 3.7959 0.1120
140 0.0470 4.4112 0.1150 3.1203 0.1040 3.2653 0.1240 3.0116 0.1730 2.5312 0.0950 3.3959 0.0970 3.3659 0.0440 4.5064 0.0870 3.5228 0.1100 3.1844 0.0890
141 0.0410 4.6082 0.1060 3.2379 0.1220 3.0350 0.1250 3.0000 0.0780 3.6804 0.1020 3.2934 0.1560 2.6804 0.0870 3.5228 0.0440 4.5064 0.0720 3.7959 0.1560
142 0.0790 3.6620 0.1450 2.7859 0.1080 3.2109 0.1170 3.0954 0.1170 3.0954 0.0890 3.4901 0.1150 3.1203 0.0790 3.6620 0.0440 4.5064 0.1360 2.8783 0.1060
143 0.1180 3.0831 0.1410 2.8262 0.1250 3.0000 0.1680 2.5735 0.1010 3.3076 0.0820 3.6082 0.0960 3.3808 0.0620 4.0116 0.0720 3.7959 0.0990 3.3364 0.1340
144 0.1070 3.2243 0.1650 2.5995 0.1250 3.0000 0.1400 2.8365 0.0860 3.5395 0.1090 3.1976 0.1230 3.0233 0.0550 4.1844 0.0430 4.5395 0.1100 3.1844 0.1430
145 0.0910 3.4580 0.1480 2.7563 0.1140 3.1329 0.0700 3.8365 0.1010 3.3076 0.0670 3.8997 0.0880 3.5064 0.0980 3.3511 0.0270 5.2109 0.0690 3.8573 0.0850
146 0.1070 3.2243 0.0540 4.2109 0.0960 3.3808 0.2100 2.2515 0.1590 2.6529 0.0740 3.7563 0.2180 2.1976 0.0480 4.3808 0.0520 4.2653 0.0840 3.5735 0.0710
147 0.0920 3.4422 0.1070 3.2243 0.1630 2.6171 0.1240 3.0116 0.1250 3.0000 0.0800 3.6439 0.0850 3.5564 0.0630 3.9885 0.0220 5.5064 0.1210 3.0469 0.1370
148 0.1740 2.5228 0.0490 4.3511 0.1090 3.1976 0.0560 4.1584 0.1530 2.7084 0.0750 3.7370 0.0820 3.6082 0.0620 4.0116 0.0690 3.8573 0.1250 3.0000 0.1280
149 0.1200 3.0589 0.1120 3.1584 0.1250 3.0000 0.0940 3.4112 0.0770 3.6990 0.1300 2.9434 0.0630 3.9885 0.0810 3.6259 0.0270 5.2109 0.1050 3.2515 0.0570
150 0.1740 2.5228 0.1560 2.6804 0.0470 4.4112 0.0950 3.3959 0.1330 2.9105 0.0850 3.5564 0.0610 4.0350 0.0850 3.5564 0.0930 3.4266 0.0990 3.3364 0.0770
151 0.0880 3.5064 0.0930 3.4266 0.0800 3.6439 0.1290 2.9546 0.1170 3.0954 0.1430 2.8059 0.0720 3.7959 0.0830 3.5907 0.0820 3.6082 0.1250 3.0000 0.0910
152 0.0810 3.6259 0.1930 2.3733 0.0350 4.8365 0.1050 3.2515 0.1100 3.1844 0.1020 3.2934 0.1210 3.0469 0.0800 3.6439 0.0600 4.0589 0.0660 3.9214 0.0780
153 0.0850 3.5564 0.0990 3.3364 0.1240 3.0116 0.1120 3.1584 0.0990 3.3364 0.1070 3.2243 0.0780 3.6804 0.0300 5.0589 0.0440 4.5064 0.0890 3.4901 0.1580
154 0.0890 3.4901 0.1200 3.0589 0.1490 2.7466 0.0920 3.4422 0.0540 4.2109 0.1270 2.9771 0.1040 3.2653 0.0390 4.6804 0.0790 3.6620 0.0660 3.9214 0.0920
155 0.0740 3.7563 0.1650 2.5995 0.1070 3.2243 0.1310 2.9324 0.1200 3.0589 0.0350 4.8365 0.0800 3.6439 0.0440 4.5064 0.1250 3.0000 0.1130 3.1456 0.0990
156 0.1160 3.1078 0.1610 2.6349 0.0940 3.4112 0.1570 2.6712 0.0950 3.3959 0.0540 4.2109 0.1170 3.0954 0.0360 4.7959 0.0890 3.4901 0.0770 3.6990 0.0880
157 0.0650 3.9434 0.1100 3.1844 0.1530 2.7084 0.0840 3.5735 0.1020 3.2934 0.1050 3.2515 0.0430 4.5395 0.0470 4.4112 0.1030 3.2793 0.1080 3.2109 0.1630
158 0.0360 4.7959 0.1400 2.8365 0.0960 3.3808 0.1170 3.0954 0.0890 3.4901 0.0590 4.0831 0.0880 3.5064 0.0690 3.8573 0.0570 4.1329 0.0730 3.7760 0.1020
159 0.0660 3.9214 0.1210 3.0469 0.1610 2.6349 0.1170 3.0954 0.0730 3.7760 0.1480 2.7563 0.0360 4.7959 0.0820 3.6082 0.0530 4.2379 0.0960 3.3808 0.1070
160 0.1190 3.0710 0.1520 2.7179 0.0880 3.5064 0.0890 3.4901 0.0520 4.2653 0.0750 3.7370 0.0900 3.4739 0.0470 4.4112 0.0490 4.3511 0.1040 3.2653 0.1520
161 0.1110 3.1714 0.1560 2.6804 0.1580 2.6620 0.0950 3.3959 0.0590 4.0831 0.1070 3.2243 0.0520 4.2653 0.0560 4.1584 0.0460 4.4422 0.1410 2.8262 0.1840
162 0.0790 3.6620 0.0600 4.0589 0.1410 2.8262 0.1200 3.0589 0.1590 2.6529 0.1240 3.0116 0.0510 4.2934 0.0660 3.9214 0.0450 4.4739 0.0920 3.4422 0.0930
163 0.0800 3.6439 0.1180 3.0831 0.0760 3.7179 0.1040 3.2653 0.1280 2.9658 0.0730 3.7760 0.0700 3.8365 0.0390 4.6804 0.0750 3.7370 0.0640 3.9658 0.1530
164 0.0680 3.8783 0.1020 3.2934 0.1560 2.6804 0.1040 3.2653 0.1980 2.3364 0.0510 4.2934 0.0930 3.4266 0.0520 4.2653 0.0860 3.5395 0.0790 3.6620 0.0710
165 0.1870 2.4189 0.1730 2.5312 0.1370 2.8678 0.1000 3.3219 0.2280 2.1329 0.0760 3.7179 0.1200 3.0589 0.0480 4.3808 0.0410 4.6082 0.0730 3.7760 0.1340
166 0.0900 3.4739 0.1060 3.2379 0.1060 3.2379 0.0600 4.0589 0.1180 3.0831 0.2290 2.1266 0.0760 3.7179 0.0290 5.1078 0.0580 4.1078 0.0820 3.6082 0.1090
167 0.0470 4.4112 0.1730 2.5312 0.1280 2.9658 0.1000 3.3219 0.1050 3.2515 0.0600 4.0589 0.1700 2.5564 0.0470 4.4112 0.0580 4.1078 0.1050 3.2515 0.1090
168 0.0480 4.3808 0.1510 2.7274 0.1400 2.8365 0.1050 3.2515 0.1140 3.1329 0.0640 3.9658 0.0480 4.3808 0.0660 3.9214 0.0490 4.3511 0.0740 3.7563 0.0630
169 0.0860 3.5395 0.1170 3.0954 0.1010 3.3076 0.0700 3.8365 0.1500 2.7370 0.0820 3.6082 0.0430 4.5395 0.0190 5.7179 0.0770 3.6990 0.1270 2.9771 0.0660
170 0.1300 2.9434 0.1830 2.4501 0.0500 4.3219 0.1490 2.7466 0.0750 3.7370 0.0860 3.5395 0.1550 2.6897 0.1080 3.2109 0.0600 4.0589 0.0770 3.6990 0.0800
171 0.0750 3.7370 0.1200 3.0589 0.0820 3.6082 0.0710 3.8160 0.0940 3.4112 0.1250 3.0000 0.0770 3.6990 0.0480 4.3808 0.0760 3.7179 0.0680 3.8783 0.0800
172 0.1690 2.5649 0.1720 2.5395 0.0730 3.7760 0.0760 3.7179 0.1160 3.1078 0.0460 4.4422 0.0680 3.8783 0.0330 4.9214 0.0640 3.9658 0.0570 4.1329 0.0550
173 0.0500 4.3219 0.1720 2.5395 0.0720 3.7959 0.1480 2.7563 0.1120 3.1584 0.1780 2.4901 0.0440 4.5064 0.0540 4.2109 0.0580 4.1078 0.0820 3.6082 0.0570
174 0.0840 3.5735 0.0880 3.5064 0.1490 2.7466 0.1440 2.7959 0.1180 3.0831 0.1200 3.0589 0.0760 3.7179 0.0560 4.1584 0.0790 3.6620 0.0850 3.5564 0.0630
175 0.0370 4.7563 0.0880 3.5064 0.1300 2.9434 0.1210 3.0469 0.1340 2.8997 0.1070 3.2243 0.0810 3.6259 0.0360 4.7959 0.0900 3.4739 0.0790 3.6620 0.1670
176 0.1050 3.2515 0.1240 3.0116 0.0850 3.5564 0.1840 2.4422 0.1180 3.0831 0.1390 2.8468 0.0480 4.3808 0.0480 4.3808 0.0400 4.6439 0.0640 3.9658 0.0480
177 0.1130 3.1456 0.2050 2.2863 0.1140 3.1329 0.1110 3.1714 0.0490 4.3511 0.0910 3.4580 0.0780 3.6804 0.0740 3.7563 0.1270 2.9771 0.0650 3.9434 0.1430
178 0.0580 4.1078 0.1110 3.1714 0.0900 3.4739 0.0730 3.7760 0.1340 2.8997 0.1220 3.0350 0.0640 3.9658 0.0720 3.7959 0.0780 3.6804 0.0990 3.3364 0.0970
179 0.0840 3.5735 0.2040 2.2934 0.1740 2.5228 0.0910 3.4580 0.1270 2.9771 0.1280 2.9658 0.0470 4.4112 0.0340 4.8783 0.0670 3.8997 0.0660 3.9214 0.0620
180 0.0850 3.5564 0.0830 3.5907 0.0790 3.6620 0.0900 3.4739 0.0760 3.7179 0.0600 4.0589 0.0800 3.6439 0.0240 5.3808 0.0860 3.5395 0.0790 3.6620 0.0630
181 0.1300 2.9434 0.0790 3.6620 0.0850 3.5564 0.0920 3.4422 0.0980 3.3511 0.1150 3.1203 0.0620 4.0116 0.0470 4.4112 0.0810 3.6259 0.0900 3.4739 0.0970
182 0.0940 3.4112 0.0820 3.6082 0.0920 3.4422 0.1310 2.9324 0.1690 2.5649 0.1450 2.7859 0.0820 3.6082 0.0680 3.8783 0.0780 3.6804 0.0970 3.3659 0.0600
183 0.1000 3.3219 0.1400 2.8365 0.0960 3.3808 0.1510 2.7274 0.1210 3.0469 0.1230 3.0233 0.0310 5.0116 0.0650 3.9434 0.0760 3.7179 0.0680 3.8783 0.0740
184 0.1030 3.2793 0.0830 3.5907 0.0750 3.7370 0.1230 3.0233 0.0860 3.5395 0.1420 2.8160 0.1000 3.3219 0.0720 3.7959 0.0600 4.0589 0.0960 3.3808 0.1310
185 0.0560 4.1584 0.0810 3.6259 0.1000 3.3219 0.1170 3.0954 0.0810 3.6259 0.1550 2.6897 0.0850 3.5564 0.0390 4.6804 0.0680 3.8783 0.0710 3.8160 0.0920
186 0.0850 3.5564 0.0840 3.5735 0.1250 3.0000 0.1210 3.0469 0.1000 3.3219 0.0730 3.7760 0.0520 4.2653 0.0600 4.0589 0.0580 4.1078 0.0710 3.8160 0.0950
187 0.0780 3.6804 0.0880 3.5064 0.1160 3.1078 0.0710 3.8160 0.0580 4.1078 0.0890 3.4901 0.0770 3.6990 0.1210 3.0469 0.0750 3.7370 0.0820 3.6082 0.0940
188 0.0860 3.5395 0.0880 3.5064 0.0860 3.5395 0.2270 2.1392 0.0790 3.6620 0.1240 3.0116 0.0460 4.4422 0.0300 5.0589 0.0600 4.0589 0.0660 3.9214 0.0780
189 0.0890 3.4901 0.2340 2.0954 0.0890 3.4901 0.1370 2.8678 0.1150 3.1203 0.0950 3.3959 0.0950 3.3959 0.0630 3.9885 0.0190 5.7179 0.0840 3.5735 0.0770
190 0.1110 3.1714 0.1820 2.4580 0.1270 2.9771 0.0690 3.8573 0.0600 4.0589 0.0740 3.7563 0.0910 3.4580 0.0780 3.6804 0.0310 5.0116 0.0660 3.9214 0.1030
191 0.0490 4.3511 0.0560 4.1584 0.1740 2.5228 0.1300 2.9434 0.1130 3.1456 0.0820 3.6082 0.0480 4.3808 0.1270 2.9771 0.0890 3.4901 0.0700 3.8365 0.1020
192 0.0750 3.7370 0.2540 1.9771 0.1290 2.9546 0.1330 2.9105 0.1240 3.0116 0.0960 3.3808 0.0850 3.5564 0.0390 4.6804 0.0360 4.7959 0.0910 3.4580 0.0870
193 0.1520 2.7179 0.1280 2.9658 0.1000 3.3219 0.1790 2.4820 0.1060 3.2379 0.1210 3.0469 0.1160 3.1078 0.0670 3.8997 0.0640 3.9658 0.0700 3.8365 0.1220
194 0.0740 3.7563 0.0940 3.4112 0.0900 3.4739 0.0970 3.3659 0.0890 3.4901 0.1170 3.0954 0.1000 3.3219 0.0200 5.6439 0.0380 4.7179 0.0810 3.6259 0.1480
195 0.1030 3.2793 0.0650 3.9434 0.0920 3.4422 0.0520 4.2653 0.0710 3.8160 0.0590 4.0831 0.0950 3.3959 0.0250 5.3219 0.0500 4.3219 0.0980 3.3511 0.1320
196 0.0960 3.3808 0.2050 2.2863 0.0670 3.8997 0.1180 3.0831 0.0960 3.3808 0.0920 3.4422 0.0980 3.3511 0.0250 5.3219 0.0370 4.7563 0.0780 3.6804 0.0750
197 0.1100 3.1844 0.1190 3.0710 0.1160 3.1078 0.1300 2.9434 0.0550 4.1844 0.1310 2.9324 0.1340 2.8997 0.0300 5.0589 0.0930 3.4266 0.0770 3.6990 0.0700
198 0.0850 3.5564 0.0960 3.3808 0.1750 2.5146 0.1800 2.4739 0.0410 4.6082 0.0880 3.5064 0.0760 3.7179 0.0670 3.8997 0.0860 3.5395 0.0950 3.3959 0.1190
199 0.0970 3.3659 0.2130 2.2311 0.0610 4.0350 0.0900 3.4739 0.0760 3.7179 0.1040 3.2653 0.2430 2.0410 0.0340 4.8783 0.0580 4.1078 0.0980 3.3511 0.1710
200 0.1210 3.0469 0.1880 2.4112 0.1600 2.6439 0.1230 3.0233 0.0390 4.6804 0.0800 3.6439 0.0750 3.7370 0.0560 4.1584 0.0670 3.8997 0.0650 3.9434 0.1310
201 0.1290 2.9546 0.0760 3.7179 0.0490 4.3511 0.1090 3.1976 0.1310 2.9324 0.1310 2.9324 0.1300 2.9434 0.0380 4.7179 0.0370 4.7563 0.0720 3.7959 0.1590
202 0.1170 3.0954 0.0600 4.0589 0.1600 2.6439 0.0900 3.4739 0.0950 3.3959 0.0840 3.5735 0.1040 3.2653 0.0900 3.4739 0.0810 3.6259 0.0800 3.6439 0.0550
203 0.1390 2.8468 0.1360 2.8783 0.0690 3.8573 0.0800 3.6439 0.0770 3.6990 0.1620 2.6259 0.0460 4.4422 0.0590 4.0831 0.0330 4.9214 0.0790 3.6620 0.1700
204 0.1120 3.1584 0.1220 3.0350 0.1270 2.9771 0.1150 3.1203 0.1210 3.0469 0.0760 3.7179 0.0870 3.5228 0.0700 3.8365 0.0580 4.1078 0.1020 3.2934 0.1650
205 0.0540 4.2109 0.1750 2.5146 0.1090 3.1976 0.1310 2.9324 0.1090 3.1976 0.0680 3.8783 0.0370 4.7563 0.0600 4.0589 0.0690 3.8573 0.0680 3.8783 0.1030
206 0.0400 4.6439 0.1340 2.8997 0.1170 3.0954 0.1370 2.8678 0.1310 2.9324 5.9660 -2.5768 0.0650 3.9434 0.0530 4.2379 0.0910 3.4580 0.0710 3.8160 0.1000
207 0.1060 3.2379 0.1480 2.7563 0.0650 3.9434 0.1450 2.7859 0.0340 4.8783 0.0910 3.4580 0.0800 3.6439 0.0600 4.0589 0.0720 3.7959 0.0800 3.6439 0.1020
208 0.0490 4.3511 0.0560 4.1584 0.1470 2.7661 0.1290 2.9546 0.1430 2.8059 0.0880 3.5064 0.0470 4.4112 0.0920 3.4422 0.1040 3.2653 0.0790 3.6620 0.1120
209 0.0540 4.2109 0.1700 2.5564 0.1070 3.2243 0.0820 3.6082 0.0810 3.6259 0.0560 4.1584 0.0700 3.8365 0.0480 4.3808 0.0750 3.7370 0.0680 3.8783 0.1010
210 0.0460 4.4422 0.1550 2.6897 0.0690 3.8573 0.0520 4.2653 0.1790 2.4820 0.2130 2.2311 0.0650 3.9434 0.1020 3.2934 0.0870 3.5228 0.0570 4.1329 0.1310
211 0.0820 3.6082 0.0960 3.3808 0.0830 3.5907 0.0690 3.8573 0.2020 2.3076 0.0890 3.4901 0.0560 4.1584 0.0540 4.2109 0.0950 3.3959 0.0810 3.6259 0.0890
212 0.1240 3.0116 0.2070 2.2723 0.1080 3.2109 0.0920 3.4422 0.1240 3.0116 0.0980 3.3511 0.0910 3.4580 0.0280 5.1584 0.1370 2.8678 0.0960 3.3808 0.0850
213 0.1420 2.8160 0.1490 2.7466 0.0820 3.6082 0.1030 3.2793 0.0730 3.7760 0.1280 2.9658 0.1360 2.8783 0.0370 4.7563 0.0840 3.5735 0.0880 3.5064 0.1010
214 0.0750 3.7370 0.1870 2.4189 0.1640 2.6082 0.1020 3.2934 0.0730 3.7760 0.1590 2.6529 0.1060 3.2379 0.0460 4.4422 0.0380 4.7179 0.0600 4.0589 0.1480
215 0.1240 3.0116 0.1150 3.1203 0.0420 4.5735 0.1090 3.1976 0.0620 4.0116 0.1220 3.0350 0.0670 3.8997 0.0710 3.8160 0.0400 4.6439 0.0650 3.9434 0.1510
216 0.1230 3.0233 0.1350 2.8890 0.0520 4.2653 0.1460 2.7760 0.0540 4.2109 0.1230 3.0233 0.1690 2.5649 0.0690 3.8573 0.0710 3.8160 0.0880 3.5064 0.0620
217 0.1300 2.9434 0.2330 2.1016 0.0840 3.5735 0.1240 3.0116 0.1520 2.7179 0.1200 3.0589 0.0830 3.5907 0.0770 3.6990 0.1050 3.2515 0.0810 3.6259 0.0760
218 0.0500 4.3219 0.0830 3.5907 0.1280 2.9658 0.1050 3.2515 0.0320 4.9658 0.0950 3.3959 0.1240 3.0116 0.0450 4.4739 0.0600 4.0589 0.0800 3.6439 0.0650
219 0.0650 3.9434 0.1170 3.0954 0.0580 4.1078 0.0550 4.1844 0.0940 3.4112 0.0480 4.3808 0.0680 3.8783 0.0610 4.0350 0.0680 3.8783 0.0750 3.7370 0.1000
220 0.0620 4.0116 0.0650 3.9434 0.1410 2.8262 0.0720 3.7959 0.1000 3.3219 0.1380 2.8573 0.1020 3.2934 0.1020 3.2934 0.0340 4.8783 0.1190 3.0710 0.1340
221 0.1240 3.0116 0.0890 3.4901 0.1270 2.9771 0.1180 3.0831 0.1220 3.0350 0.1160 3.1078 0.1270 2.9771 0.0230 5.4422 0.0630 3.9885 0.0930 3.4266 0.0760
222 0.0850 3.5564 0.0780 3.6804 0.0800 3.6439 0.1070 3.2243 0.0790 3.6620 0.0880 3.5064 0.0380 4.7179 0.0450 4.4739 0.0580 4.1078 0.1390 2.8468 0.1570
223 0.0510 4.2934 0.0900 3.4739 0.1080 3.2109 0.0910 3.4580 0.1310 2.9324 0.0590 4.0831 0.0830 3.5907 0.0890 3.4901 0.1290 2.9546 0.1010 3.3076 0.1470
224 0.1130 3.1456 0.1240 3.0116 0.0810 3.6259 0.1690 2.5649 0.0900 3.4739 0.0560 4.1584 0.0610 4.0350 0.0610 4.0350 0.0630 3.9885 0.1110 3.1714 0.0940
225 0.0700 3.8365 0.0820 3.6082 0.1290 2.9546 0.1870 2.4189 0.0830 3.5907 0.0530 4.2379 0.0660 3.9214 0.0520 4.2653 0.0680 3.8783 0.1220 3.0350 0.0600
226 0.0730 3.7760 0.1550 2.6897 0.1100 3.1844 0.1190 3.0710 0.2220 2.1714 0.0920 3.4422 0.0630 3.9885 0.0500 4.3219 0.0680 3.8783 0.0820 3.6082 0.0690
227 0.0510 4.2934 0.1340 2.8997 0.1000 3.3219 0.1630 2.6171 0.0670 3.8997 0.1030 3.2793 0.0850 3.5564 0.0540 4.2109 0.0510 4.2934 0.0940 3.4112 0.1110
228 0.0510 4.2934 0.1240 3.0116 0.0980 3.3511 0.1260 2.9885 0.0480 4.3808 0.1090 3.1976 0.0780 3.6804 0.0590 4.0831 0.0640 3.9658 0.1060 3.2379 0.0690
229 0.0730 3.7760 0.1350 2.8890 0.0710 3.8160 0.1800 2.4739 0.0730 3.7760 0.0870 3.5228 0.0750 3.7370 0.0840 3.5735 0.0540 4.2109 0.1010 3.3076 0.0580
230 0.0720 3.7959 0.1470 2.7661 0.0970 3.3659 0.0930 3.4266 0.0880 3.5064 0.0480 4.3808 0.0880 3.5064 0.0560 4.1584 0.0900 3.4739 0.1000 3.3219 0.0700
231 0.0540 4.2109 0.1280 2.9658 0.1030 3.2793 0.0770 3.6990 0.0730 3.7760 0.0650 3.9434 0.0880 3.5064 0.0680 3.8783 0.0540 4.2109 0.0780 3.6804 0.0600
232 0.0460 4.4422 0.1500 2.7370 0.1090 3.1976 0.1100 3.1844 0.0900 3.4739 0.0740 3.7563 0.1120 3.1584 0.0510 4.2934 0.1040 3.2653 0.0880 3.5064 0.0470
233 0.0850 3.5564 0.1740 2.5228 0.1170 3.0954 0.1500 2.7370 0.0790 3.6620 0.0810 3.6259 0.1360 2.8783 0.0530 4.2379 0.0510 4.2934 0.1060 3.2379 0.0680
234 0.0950 3.3959 0.1390 2.8468 0.0420 4.5735 0.1130 3.1456 0.0730 3.7760 0.0900 3.4739 0.0460 4.4422 0.0330 4.9214 0.0420 4.5735 0.0780 3.6804 0.0430
235 0.0780 3.6804 0.1160 3.1078 0.1390 2.8468 0.1360 2.8783 0.1050 3.2515 0.0610 4.0350 0.1510 2.7274 0.0430 4.5395 0.0630 3.9885 0.0650 3.9434 0.0720
236 0.0470 4.4112 0.1350 2.8890 0.0890 3.4901 0.1590 2.6529 0.0470 4.4112 0.0700 3.8365 0.1920 2.3808 0.0340 4.8783 0.0790 3.6620 0.0630 3.9885 0.0600
237 0.1340 2.8997 0.0840 3.5735 0.0870 3.5228 0.1190 3.0710 0.1560 2.6804 0.0910 3.4580 0.1380 2.8573 0.0960 3.3808 0.0680 3.8783 0.0740 3.7563 0.1140
238 0.0370 4.7563 0.1590 2.6529 0.0790 3.6620 0.1030 3.2793 0.0740 3.7563 0.1740 2.5228 0.1550 2.6897 0.0330 4.9214 0.1400 2.8365 0.1130 3.1456 0.1080
239 0.0370 4.7563 0.0740 3.7563 0.0810 3.6259 0.0630 3.9885 0.1920 2.3808 0.1020 3.2934 0.0860 3.5395 0.0380 4.7179 0.0470 4.4112 0.0880 3.5064 0.0960
240 0.0620 4.0116 0.0750 3.7370 0.0810 3.6259 0.1500 2.7370 0.1210 3.0469 0.1040 3.2653 0.0840 3.5735 0.1330 2.9105 0.0400 4.6439 0.0700 3.8365 0.0810
241 0.1900 2.3959 0.1790 2.4820 0.1170 3.0954 0.0800 3.6439 0.2490 2.0058 0.0900 3.4739 0.1180 3.0831 0.0390 4.6804 0.0360 4.7959 0.0820 3.6082 0.0670
242 0.0800 3.6439 0.1440 2.7959 0.0990 3.3364 0.1210 3.0469 0.0650 3.9434 0.1310 2.9324 0.1140 3.1329 0.0600 4.0589 0.0520 4.2653 0.0960 3.3808 0.1590
243 0.1630 2.6171 0.0860 3.5395 0.1150 3.1203 0.1230 3.0233 0.0980 3.3511 0.0810 3.6259 0.0440 4.5064 0.0520 4.2653 0.0710 3.8160 0.0720 3.7959 0.0470
244 0.0380 4.7179 0.1360 2.8783 0.0700 3.8365 0.0800 3.6439 0.1720 2.5395 0.1350 2.8890 0.0860 3.5395 0.0750 3.7370 0.0710 3.8160 0.1090 3.1976 0.1320
245 0.1110 3.1714 0.1100 3.1844 0.1060 3.2379 0.1470 2.7661 0.1540 2.6990 0.0750 3.7370 0.0360 4.7959 0.0910 3.4580 0.1010 3.3076 0.0720 3.7959 0.1470
246 0.1520 2.7179 0.0710 3.8160 0.1730 2.5312 0.1520 2.7179 0.0680 3.8783 0.0680 3.8783 0.0960 3.3808 0.0220 5.5064 0.0470 4.4112 0.0650 3.9434 0.0970
247 0.0980 3.3511 0.0990 3.3364 0.1390 2.8468 0.1680 2.5735 0.0730 3.7760 0.1050 3.2515 0.0720 3.7959 0.0390 4.6804 0.0420 4.5735 0.0800 3.6439 0.0710
248 0.1310 2.9324 0.1180 3.0831 0.1270 2.9771 0.1220 3.0350 0.0840 3.5735 0.1420 2.8160 0.1510 2.7274 0.0210 5.5735 0.0680 3.8783 0.0940 3.4112 0.0710
249 0.0710 3.8160 0.1750 2.5146 0.0990 3.3364 0.1130 3.1456 0.0770 3.6990 0.1310 2.9324 0.1630 2.6171 0.0420 4.5735 0.0580 4.1078 0.1150 3.1203 0.1020
250 0.1730 2.5312 0.2800 1.8365 0.0940 3.4112 0.1210 3.0469 0.0870 3.5228 0.0900 3.4739 0.1410 2.8262 0.1210 3.0469 0.0640 3.9658 0.0940 3.4112 0.1000
251 0.0920 3.4422 0.1280 2.9658 0.0890 3.4901 0.1450 2.7859 0.0950 3.3959 0.0720 3.7959 0.0710 3.8160 0.0870 3.5228 0.0720 3.7959 0.1070 3.2243 0.0510
252 0.0810 3.6259 0.1340 2.8997 0.0740 3.7563 0.1160 3.1078 0.1360 2.8783 0.1170 3.0954 0.0550 4.1844 0.0320 4.9658 0.0420 4.5735 0.0720 3.7959 0.0870
253 0.1680 2.5735 0.1140 3.1329 0.1330 2.9105 0.0940 3.4112 0.1460 2.7760 0.1170 3.0954 0.0750 3.7370 0.0670 3.8997 0.0530 4.2379 0.0830 3.5907 0.0760
254 0.0930 3.4266 0.1340 2.8997 0.1030 3.2793 0.1150 3.1203 0.0520 4.2653 0.1050 3.2515 0.1030 3.2793 0.0440 4.5064 0.0330 4.9214 0.0920 3.4422 0.0920
255 0.1140 3.1329 0.1050 3.2515 0.0990 3.3364 0.0660 3.9214 0.0370 4.7563 0.0930 3.4266 0.1220 3.0350 0.0690 3.8573 0.0170 5.8783 0.1300 2.9434 0.1490
256 0.0800 3.6439 0.1010 3.3076 0.1130 3.1456 0.0760 3.7179 0.1710 2.5479 0.1500 2.7370 0.0850 3.5564 0.0530 4.2379 0.0390 4.6804 0.1300 2.9434 0.1760
257 0.0700 3.8365 0.1950 2.3585 0.0810 3.6259 0.1510 2.7274 0.0710 3.8160 0.0880 3.5064 0.1120 3.1584 0.0720 3.7959 0.0400 4.6439 0.1850 2.4344 0.0840
258 0.0710 3.8160 0.0800 3.6439 0.0830 3.5907 0.0620 4.0116 0.0830 3.5907 0.0780 3.6804 0.0930 3.4266 0.0610 4.0350 0.0420 4.5735 0.1190 3.0710 0.0910
259 0.1120 3.1584 0.1480 2.7563 0.0660 3.9214 0.0910 3.4580 0.0570 4.1329 0.0660 3.9214 0.1280 2.9658 0.0630 3.9885 0.0410 4.6082 0.1350 2.8890 0.0740
260 0.1540 2.6990 0.1540 2.6990 0.0870 3.5228 0.1230 3.0233 0.0660 3.9214 0.1020 3.2934 0.0900 3.4739 0.1130 3.1456 0.0530 4.2379 0.0930 3.4266 0.1110
261 0.0730 3.7760 0.1780 2.4901 0.0700 3.8365 0.1120 3.1584 0.0690 3.8573 0.1740 2.5228 0.0920 3.4422 0.0610 4.0350 0.0450 4.4739 0.1870 2.4189 0.1120
262 0.1820 2.4580 0.0820 3.6082 0.0760 3.7179 0.0750 3.7370 0.1580 2.6620 0.0850 3.5564 0.1060 3.2379 0.0830 3.5907 0.0620 4.0116 0.0900 3.4739 0.1690
263 0.1250 3.0000 0.1400 2.8365 0.0970 3.3659 0.0960 3.3808 0.0500 4.3219 0.0920 3.4422 0.0660 3.9214 0.0840 3.5735 0.0580 4.1078 0.1050 3.2515 0.0870
264 0.1100 3.1844 0.1210 3.0469 0.1340 2.8997 0.1120 3.1584 0.1620 2.6259 0.0870 3.5228 0.0830 3.5907 0.1020 3.2934 0.0920 3.4422 0.1090 3.1976 0.1030
265 0.1130 3.1456 0.1230 3.0233 0.0970 3.3659 0.0720 3.7959 0.1200 3.0589 0.0690 3.8573 0.0620 4.0116 0.0610 4.0350 0.0680 3.8783 0.1030 3.2793 0.0480
266 0.1730 2.5312 0.2680 1.8997 0.1560 2.6804 0.0850 3.5564 0.0670 3.8997 0.0660 3.9214 0.0780 3.6804 0.0330 4.9214 0.0990 3.3364 0.1580 2.6620 0.1130
267 0.1180 3.0831 0.1610 2.6349 0.0790 3.6620 0.0980 3.3511 0.0570 4.1329 0.0780 3.6804 0.0760 3.7179 0.0230 5.4422 0.0910 3.4580 0.1560 2.6804 0.1110
268 0.0690 3.8573 0.0830 3.5907 0.0710 3.8160 0.0800 3.6439 0.0650 3.9434 0.0860 3.5395 0.1160 3.1078 0.1400 2.8365 0.0490 4.3511 0.0650 3.9434 0.0640
269 0.0590 4.0831 0.1980 2.3364 0.1880 2.4112 0.1390 2.8468 0.1170 3.0954 0.1080 3.2109 0.0950 3.3959 0.0560 4.1584 0.0690 3.8573 0.0700 3.8365 0.0780
270 0.0980 3.3511 0.0760 3.7179 0.1330 2.9105 0.1260 2.9885 0.1500 2.7370 0.0520 4.2653 0.1420 2.8160 0.0600 4.0589 0.0970 3.3659 0.0700 3.8365 0.1070
271 0.0710 3.8160 0.1280 2.9658 0.0680 3.8783 0.1040 3.2653 0.1040 3.2653 0.0940 3.4112 0.1230 3.0233 0.1120 3.1584 0.0920 3.4422 0.0920 3.4422 0.1100
272 0.1030 3.2793 0.1320 2.9214 0.1360 2.8783 0.1010 3.3076 0.0920 3.4422 0.1560 2.6804 0.0690 3.8573 0.0700 3.8365 0.1020 3.2934 0.1000 3.3219 0.1510
273 0.1220 3.0350 0.0840 3.5735 0.1490 2.7466 0.0860 3.5395 0.0600 4.0589 0.0800 3.6439 0.0680 3.8783 0.0970 3.3659 0.0950 3.3959 0.0610 4.0350 0.0730
274 0.1360 2.8783 0.1220 3.0350 0.0670 3.8997 0.1020 3.2934 0.0510 4.2934 0.0710 3.8160 0.0910 3.4580 0.0610 4.0350 0.0730 3.7760 0.0750 3.7370 0.1140
275 0.0840 3.5735 0.0360 4.7959 0.0880 3.5064 0.0500 4.3219 0.0780 3.6804 0.0520 4.2653 0.0910 3.4580 0.0590 4.0831 0.0630 3.9885 0.0900 3.4739 0.1370
276 0.1050 3.2515 0.1890 2.4035 0.0860 3.5395 0.1040 3.2653 0.0970 3.3659 0.0910 3.4580 0.0550 4.1844 0.0280 5.1584 0.0670 3.8997 0.0850 3.5564 0.0950
277 0.0520 4.2653 0.0780 3.6804 0.1080 3.2109 0.0650 3.9434 0.0530 4.2379 0.0410 4.6082 0.0860 3.5395 0.0360 4.7959 0.0450 4.4739 0.0810 3.6259 0.0880
278 0.0830 3.5907 0.0870 3.5228 0.1540 2.6990 0.0880 3.5064 0.0850 3.5564 0.1080 3.2109 0.0740 3.7563 0.0710 3.8160 0.0400 4.6439 0.0630 3.9885 0.0610
279 0.0990 3.3364 0.2350 2.0893 0.1220 3.0350 0.1430 2.8059 0.1090 3.1976 0.0740 3.7563 0.1350 2.8890 0.0540 4.2109 0.0800 3.6439 0.1190 3.0710 0.0920
280 0.0400 4.6439 0.0550 4.1844 0.1140 3.1329 0.1420 2.8160 0.1340 2.8997 0.1530 2.7084 0.1280 2.9658 0.0970 3.3659 0.0880 3.5064 0.1310 2.9324 0.0890
281 0.0660 3.9214 0.1890 2.4035 0.0870 3.5228 0.1270 2.9771 0.0680 3.8783 0.1300 2.9434 0.1920 2.3808 0.0760 3.7179 0.0650 3.9434 0.0870 3.5228 0.1050
282 0.0480 4.3808 0.1910 2.3884 0.0780 3.6804 0.0760 3.7179 0.0900 3.4739 0.0670 3.8997 0.0930 3.4266 0.0600 4.0589 0.0450 4.4739 0.1150 3.1203 0.1170
283 0.0900 3.4739 0.0720 3.7959 0.1080 3.2109 0.1130 3.1456 0.0590 4.0831 0.0950 3.3959 0.0630 3.9885 0.0650 3.9434 0.0730 3.7760 0.1030 3.2793 0.0850
284 0.0610 4.0350 0.0820 3.6082 0.2430 2.0410 0.1540 2.6990 0.1560 2.6804 0.0860 3.5395 0.0700 3.8365 0.0470 4.4112 0.0770 3.6990 0.1030 3.2793 0.0590
285 0.0860 3.5395 0.0990 3.3364 0.0690 3.8573 0.1120 3.1584 0.1490 2.7466 0.1080 3.2109 0.0910 3.4580 0.0930 3.4266 0.0770 3.6990 0.0770 3.6990 0.1320
286 0.0790 3.6620 0.1170 3.0954 0.0370 4.7563 0.1050 3.2515 0.1150 3.1203 0.0920 3.4422 0.0760 3.7179 0.0710 3.8160 0.0280 5.1584 0.1120 3.1584 0.0920
287 0.0680 3.8783 0.1920 2.3808 0.0890 3.4901 0.0350 4.8365 0.1110 3.1714 0.0790 3.6620 0.1060 3.2379 0.0720 3.7959 0.0370 4.7563 0.0690 3.8573 0.0520
288 0.1400 2.8365 0.0830 3.5907 0.0580 4.1078 0.0670 3.8997 0.0550 4.1844 0.0790 3.6620 0.0710 3.8160 0.0800 3.6439 0.0540 4.2109 0.0920 3.4422 0.1600
289 0.0940 3.4112 0.0920 3.4422 0.0850 3.5564 0.1130 3.1456 0.1010 3.3076 0.0910 3.4580 0.1090 3.1976 0.0730 3.7760 0.0520 4.2653 0.0910 3.4580 0.0930
290 0.1340 2.8997 0.1490 2.7466 0.1740 2.5228 0.0990 3.3364 0.1540 2.6990 0.0910 3.4580 0.0640 3.9658 0.0440 4.5064 0.0630 3.9885 0.0900 3.4739 0.1360
291 0.1000 3.3219 0.1340 2.8997 0.1220 3.0350 0.0560 4.1584 0.1520 2.7179 0.1320 2.9214 0.1450 2.7859 0.0360 4.7959 0.0550 4.1844 0.0610 4.0350 0.0590
292 0.1560 2.6804 0.0990 3.3364 0.1020 3.2934 0.0440 4.5064 0.1870 2.4189 0.1040 3.2653 0.0960 3.3808 0.0350 4.8365 0.0790 3.6620 0.0670 3.8997 0.1830
293 0.1190 3.0710 0.1830 2.4501 0.0850 3.5564 0.0950 3.3959 0.0830 3.5907 0.0730 3.7760 0.0610 4.0350 0.0620 4.0116 0.0950 3.3959 0.0700 3.8365 0.1060
294 0.0860 3.5395 0.0810 3.6259 0.1530 2.7084 0.1240 3.0116 0.0870 3.5228 0.1160 3.1078 0.0400 4.6439 0.0950 3.3959 0.0740 3.7563 0.0700 3.8365 0.1150
295 0.0950 3.3959 0.0710 3.8160 0.0880 3.5064 0.1220 3.0350 0.0910 3.4580 0.1610 2.6349 0.0800 3.6439 0.0400 4.6439 0.1650 2.5995 0.0940 3.4112 0.1510
296 0.1550 2.6897 0.1280 2.9658 0.1300 2.9434 0.1210 3.0469 0.1220 3.0350 0.0900 3.4739 0.0760 3.7179 0.0720 3.7959 0.0660 3.9214 0.0800 3.6439 0.1090
297 0.0890 3.4901 0.1050 3.2515 0.1080 3.2109 0.0730 3.7760 0.1190 3.0710 0.0490 4.3511 0.0960 3.3808 0.0790 3.6620 0.0920 3.4422 0.0690 3.8573 0.0740
298 0.0640 3.9658 0.0820 3.6082 0.1070 3.2243 0.1230 3.0233 0.1260 2.9885 0.0570 4.1329 0.1060 3.2379 0.0510 4.2934 0.0870 3.5228 0.1270 2.9771 0.1290
299 0.1170 3.0954 0.1590 2.6529 0.1140 3.1329 0.1380 2.8573 0.1140 3.1329 0.0540 4.2109 0.1160 3.1078 0.0740 3.7563 0.0770 3.6990 0.0760 3.7179 0.0870
300 0.0960 3.3808 0.1160 3.1078 0.1050 3.2515 0.1210 3.0469 0.1040 3.2653 0.1480 2.7563 0.1580 2.6620 0.0560 4.1584 0.1070 3.2243 0.0650 3.9434 0.0960
TS2.10 TS2.11 TS2.12 TS3.1 TS3.2 TS3.4 TS3.5 TS3.6 TS3.7 TS3.8 TS3.82 TS3.9
phi (ɸ) mm phi (ɸ) mm phi (ɸ) mm phi (ɸ) mm phi (ɸ) mm phi (ɸ) mm phi (ɸ) mm phi (ɸ) mm phi (ɸ) mm phi (ɸ) mm phi (ɸ) mm phi (ɸ)
2.9105 0.0460 4.4422 0.1070 3.2243 0.0950 3.3959 0.0820 3.6082 0.0790 3.6620 0.1370 2.8678 0.0880 3.5064 0.0730 3.7760 0.0830 3.5907 0.1120 3.1584 0.1300 2.9434
4.0831 0.0470 4.4112 0.1100 3.1844 0.0620 4.0116 0.0420 4.5735 0.1620 2.6259 0.1830 2.4501 0.1550 2.6897 0.1300 2.9434 0.1260 2.9885 0.0590 4.0831 0.0330 4.9214
3.5228 0.0630 3.9885 0.1200 3.0589 0.0500 4.3219 0.1780 2.4901 0.1210 3.0469 0.1670 2.5821 0.1570 2.6712 0.0800 3.6439 0.0560 4.1584 0.0980 3.3511 0.0320 4.9658
4.2109 0.0490 4.3511 0.1020 3.2934 0.0660 3.9214 0.0350 4.8365 0.1520 2.7179 0.1350 2.8890 0.1930 2.3733 0.1190 3.0710 0.1200 3.0589 0.0690 3.8573 0.0550 4.1844
3.8573 0.0370 4.7563 0.1530 2.7084 0.0330 4.9214 0.0550 4.1844 0.1520 2.7179 0.1390 2.8468 0.1310 2.9324 0.1070 3.2243 0.1420 2.8160 0.1260 2.9885 0.0360 4.7959
3.1976 0.0280 5.1584 0.1330 2.9105 0.0880 3.5064 0.0840 3.5735 0.1010 3.3076 0.0390 4.6804 0.1300 2.9434 0.1210 3.0469 0.0860 3.5395 0.1110 3.1714 0.1000 3.3219
3.8365 0.0580 4.1078 0.0810 3.6259 0.0840 3.5735 0.1250 3.0000 0.1200 3.0589 0.1290 2.9546 0.1130 3.1456 0.1020 3.2934 0.1640 2.6082 0.0590 4.0831 0.1090 3.1976
3.9658 0.0700 3.8365 0.1270 2.9771 0.0710 3.8160 0.0690 3.8573 0.0690 3.8573 0.1150 3.1203 0.1430 2.8059 0.1310 2.9324 0.0590 4.0831 0.1060 3.2379 0.0850 3.5564
4.1078 0.0370 4.7563 0.1140 3.1329 0.1250 3.0000 0.0810 3.6259 0.1490 2.7466 0.1960 2.3511 0.0460 4.4422 0.0810 3.6259 0.0930 3.4266 0.1430 2.8059 0.0730 3.7760
3.2243 0.0360 4.7959 0.1560 2.6804 0.0560 4.1584 0.0320 4.9658 0.0500 4.3219 0.0670 3.8997 0.1240 3.0116 0.1370 2.8678 0.0730 3.7760 0.0840 3.5735 0.0510 4.2934
3.6990 0.0390 4.6804 0.1460 2.7760 0.0450 4.4739 0.0710 3.8160 0.0390 4.6804 0.1200 3.0589 0.1300 2.9434 0.0770 3.6990 0.1020 3.2934 0.0960 3.3808 0.0640 3.9658
3.6804 0.0520 4.2653 0.1950 2.3585 0.0430 4.5395 0.0580 4.1078 0.0330 4.9214 0.0390 4.6804 0.1560 2.6804 0.0710 3.8160 0.1370 2.8678 0.0760 3.7179 0.0390 4.6804
3.3364 0.0630 3.9885 0.0770 3.6990 0.1220 3.0350 0.0720 3.7959 0.0870 3.5228 0.1390 2.8468 0.1620 2.6259 0.1400 2.8365 0.0610 4.0350 0.1340 2.8997 0.0370 4.7563
3.9434 0.0630 3.9885 0.1220 3.0350 0.0660 3.9214 0.0290 5.1078 0.0820 3.6082 0.0650 3.9434 0.0400 4.6439 0.1230 3.0233 0.0590 4.0831 0.0440 4.5064 0.0560 4.1584
3.2109 0.0310 5.0116 0.0720 3.7959 0.0300 5.0589 0.0950 3.3959 0.0710 3.8160 0.1320 2.9214 0.0620 4.0116 0.1410 2.8262 0.0310 5.0116 0.1010 3.3076 0.0600 4.0589
3.1078 0.0620 4.0116 0.0840 3.5735 0.0450 4.4739 0.0520 4.2653 0.1060 3.2379 0.0770 3.6990 0.0920 3.4422 0.0400 4.6439 0.1200 3.0589 0.0510 4.2934 0.0410 4.6082
2.9771 0.0310 5.0116 0.1360 2.8783 0.0320 4.9658 0.0970 3.3659 0.0820 3.6082 0.2750 1.8625 0.0810 3.6259 0.0870 3.5228 0.0500 4.3219 0.0700 3.8365 0.1140 3.1329
4.0831 0.1160 3.1078 0.1180 3.0831 0.1170 3.0954 0.0690 3.8573 0.0780 3.6804 0.1590 2.6529 0.0470 4.4112 0.0770 3.6990 0.0390 4.6804 0.0480 4.3808 0.0790 3.6620
3.4739 0.0440 4.5064 0.1630 2.6171 0.0530 4.2379 0.0460 4.4422 0.0710 3.8160 0.0680 3.8783 0.1220 3.0350 0.0640 3.9658 0.0800 3.6439 0.1100 3.1844 0.0770 3.6990
3.5395 0.0490 4.3511 0.0840 3.5735 0.0480 4.3808 0.0780 3.6804 0.0890 3.4901 0.1060 3.2379 0.0830 3.5907 0.0580 4.1078 0.0450 4.4739 0.0480 4.3808 0.0430 4.5395
3.1844 0.0450 4.4739 0.1050 3.2515 0.0450 4.4739 0.0390 4.6804 0.0760 3.7179 0.1420 2.8160 0.0390 4.6804 0.1300 2.9434 0.0510 4.2934 0.0530 4.2379 0.0810 3.6259
3.2243 0.0630 3.9885 0.1080 3.2109 0.1050 3.2515 0.1110 3.1714 0.0850 3.5564 0.2060 2.2793 0.1530 2.7084 0.0820 3.6082 0.2350 2.0893 0.0650 3.9434 0.0320 4.9658
3.1844 0.0280 5.1584 0.1260 2.9885 0.1010 3.3076 0.0860 3.5395 0.0830 3.5907 0.0640 3.9658 0.1650 2.5995 0.1150 3.1203 0.0580 4.1078 0.1120 3.1584 0.0400 4.6439
3.8160 0.0470 4.4112 0.0930 3.4266 0.0510 4.2934 0.0800 3.6439 0.1260 2.9885 0.2530 1.9828 0.1130 3.1456 0.1110 3.1714 0.1070 3.2243 0.1080 3.2109 0.0790 3.6620
2.4501 0.0600 4.0589 0.0720 3.7959 0.0730 3.7760 0.0810 3.6259 0.1340 2.8997 0.3530 1.5023 0.0520 4.2653 0.1320 2.9214 0.0270 5.2109 0.0720 3.7959 0.0970 3.3659
3.0233 0.0210 5.5735 0.1030 3.2793 0.0500 4.3219 0.0460 4.4422 0.0860 3.5395 0.0910 3.4580 0.2060 2.2793 0.0990 3.3364 0.0620 4.0116 0.0800 3.6439 0.0710 3.8160
3.4580 0.0450 4.4739 0.0900 3.4739 0.0800 3.6439 0.0920 3.4422 0.0750 3.7370 0.1290 2.9546 0.1520 2.7179 0.1140 3.1329 0.0370 4.7563 0.0270 5.2109 0.0870 3.5228
2.6082 0.0370 4.7563 0.1000 3.3219 0.1390 2.8468 0.0710 3.8160 0.0490 4.3511 0.1120 3.1584 0.0730 3.7760 0.0750 3.7370 0.0680 3.8783 0.0550 4.1844 0.1250 3.0000
3.5564 0.0420 4.5735 0.1070 3.2243 0.0570 4.1329 0.1170 3.0954 0.0560 4.1584 0.1150 3.1203 0.1120 3.1584 0.0430 4.5395 0.0480 4.3808 0.1360 2.8783 0.0480 4.3808
2.9885 0.0260 5.2653 0.1100 3.1844 0.1280 2.9658 0.0350 4.8365 0.0640 3.9658 0.1680 2.5735 0.1200 3.0589 0.0600 4.0589 0.0950 3.3959 0.0570 4.1329 0.0440 4.5064
3.7563 0.1180 3.0831 0.1720 2.5395 0.0680 3.8783 0.0750 3.7370 0.0850 3.5564 0.0890 3.4901 0.1440 2.7959 0.1160 3.1078 0.0960 3.3808 0.0940 3.4112 0.0960 3.3808
3.7179 0.0410 4.6082 0.1730 2.5312 0.1160 3.1078 0.1030 3.2793 0.0290 5.1078 0.1500 2.7370 0.1250 3.0000 0.1300 2.9434 0.1120 3.1584 0.0840 3.5735 0.0820 3.6082
3.6439 0.0490 4.3511 0.0950 3.3959 0.0610 4.0350 0.0810 3.6259 0.0360 4.7959 0.1420 2.8160 0.1140 3.1329 0.0430 4.5395 0.1320 2.9214 0.1140 3.1329 0.0450 4.4739
3.4901 0.0660 3.9214 0.0930 3.4266 0.0720 3.7959 0.2050 2.2863 0.0410 4.6082 0.1540 2.6990 0.0780 3.6804 0.0430 4.5395 0.1090 3.1976 0.1420 2.8160 0.0370 4.7563
4.0589 0.0440 4.5064 0.1110 3.1714 0.0710 3.8160 0.0800 3.6439 0.0240 5.3808 0.0970 3.3659 0.1370 2.8678 0.0510 4.2934 0.1160 3.1078 0.0830 3.5907 0.0230 5.4422
3.0710 0.0360 4.7959 0.1110 3.1714 0.0470 4.4112 0.0990 3.3364 0.0400 4.6439 0.0430 4.5395 0.0890 3.4901 0.0690 3.8573 0.0810 3.6259 0.0810 3.6259 0.0610 4.0350
2.7760 0.0800 3.6439 0.1270 2.9771 0.0560 4.1584 0.1020 3.2934 0.0930 3.4266 0.1910 2.3884 0.1650 2.5995 0.0750 3.7370 0.0940 3.4112 0.1070 3.2243 0.0290 5.1078
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